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SIDIS
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How to access TMDs ?

- high x

- high luminosity and
statistic

- multidimensional
analysis
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sea width  
       >  (mostly)

uv width

replica 149  
χ2/dof = 1.87

replica 186  
χ2/dof = 1.38

dv width  < (mostly)  uv width

replica 130  
χ2/dof = 1.77

replica 73  
χ2/dof = 1.70

point of 
no flavor dep.
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•

q→π  favored width  <  unfavored

q→π  favored width  
<  

q→K  favored width

point of 
no flavor dep.

hˆk2

?,ai for a = uv, dv, sea. In total, we use five different parameters to describe all TMD
PDFs. Since the present data have a limited coverage in x, we found no need of more
sophisticated choices.

As for TMD FFs, fragmentation processes in which the fragmenting parton is in the
valence content of the detected hadron are usually defined favored. Otherwise the process
is classified as unfavored. The biggest difference between the two classes is the number
of qq̄ pairs excited from the vacuum in order to produce the detected hadron: favored
processes involve the creation of at most one qq̄ pair. If the final hadron is a kaon, we
further distinguish a favored process initiated by a strange quark/antiquark from a favored
process initiated by an up quark/antiquark.

For simplicity, we assume charge conjugation and isospin symmetries. The latter is
often imposed also in the parametrization of collinear FFs [47], but not always [48]. In
practice, we consider four different Gaussian shapes:
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~

⇡�
↵
=

⌦
P 2

?,d
~

⇡�
↵

⌘
⌦
P 2

?,fav

↵
, (2.15)

⌦
P 2

?,u
~

K+

↵
=

⌦
P 2

?,ū
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The last assumption is made mainly to keep the number of parameters under control, though
it could be argued that unfavored fragmentation into kaons is different from unfavored
fragmentation into pions.

As for TMD PDFs, also for TMD FFs we introduce a dependence of the average square
transverse momentum on the longitudinal momentum fraction z, as done in several mod-
els or phenomenological extractions (see, e.g., Refs. [15, 28, 41, 49–51]). We choose the
functional form
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The free parameters �, �, and � are equal for all kinds of fragmentation functions. In
conclusion, we use seven different parameters to describe all the TMD FFs.

3 Analysis procedure

3.1 Selection of data

The Hermes collaboration collected a total of 2688 data points (336 points for each of the
8 combination of target and final-state hadrons), with the average values of (x,Q2

) ranging
from about (0.04, 1.25 GeV2

) to about (0.4, 9.2 GeV2

), 0.1  z  0.9, and 0.1 GeV 
|PhT |  1 GeV. The collaboration presented two distinct data sets, including or neglecting
vector meson contributions. Here, we use the data set where the vector meson contributions
have been subtracted. In all cases, we sum in quadrature statistical and systematic errors

– 7 –
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The last assumption is made mainly to keep the number of parameters under control, though
it could be argued that unfavored fragmentation into kaons is different from unfavored
fragmentation into pions.

As for TMD PDFs, also for TMD FFs we introduce a dependence of the average square
transverse momentum on the longitudinal momentum fraction z, as done in several mod-
els or phenomenological extractions (see, e.g., Refs. [15, 28, 41, 49–51]). We choose the
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The free parameters �, �, and � are equal for all kinds of fragmentation functions. In
conclusion, we use seven different parameters to describe all the TMD FFs.

3 Analysis procedure

3.1 Selection of data

The Hermes collaboration collected a total of 2688 data points (336 points for each of the
8 combination of target and final-state hadrons), with the average values of (x,Q2

) ranging
from about (0.04, 1.25 GeV2

) to about (0.4, 9.2 GeV2

), 0.1  z  0.9, and 0.1 GeV 
|PhT |  1 GeV. The collaboration presented two distinct data sets, including or neglecting
vector meson contributions. Here, we use the data set where the vector meson contributions
have been subtracted. In all cases, we sum in quadrature statistical and systematic errors

– 7 –

good evidence for flavor dep.
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ū

u

u

d̄

d�Z/W±

dqT
⇠ FT

X

i,j

exp

�
� gij b2T

 

gij ⇠ hk2T ii + hk2T ij + soft gluons

g	  comes	  from	  2	  TMD	  PDFs	  
and	  controls	  	  the	  position	  of	  the	  peak



Preliminary

qT

Quark TMDs at the LHC

24

Z

W+

ū

u

u

d̄

d�Z/W±

dqT
⇠ FT

X

i,j

exp

�
� gij b2T

 

gij ⇠ hk2T ii + hk2T ij + soft gluons

g	  comes	  from	  2	  TMD	  PDFs	  
and	  controls	  	  the	  position	  of	  the	  peak

d�
/d

q T



Gluon TMDs at work

25

+	  crossed	  term

(heavy)	  quarkonium	  production

PA + PB ! ⌘b(qT ) +X

m⌘b = 9.39 GeV

but	  ...	  does	  TMD	  factorization	  hold	  ?

low/medium	  energy	  process:
we	  could	  extract	  

information	  on	  the	  non	  perturbative
part	  of	  gluon	  TMDs
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but	  ...	  does	  TMD	  factorization	  hold	  ?

+	  crossed	  term

PA + PB ! ⌘b(qT ) +X

low/medium	  energy	  process:
we	  could	  extract	  

information	  on	  the	  non	  perturbative
part	  of	  gluon	  TMDs

namely,	  are	  we	  allowed	  to	  use	  such	  an	  expression	  ?

m⌘b = 9.39 GeV

d�
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⇠ fg/A

1 fg/B
1 |M|2

(heavy)	  quarkonium	  production
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?	  same	  IR	  ?	  

no:
TMD	  fact.	  does	  not	  reproduce	  the

physical	  (=QCD)	  result

yes:
TMD	  fact.	  reproduces	  the	  physical	  

result	  and	  the	  hard	  part
can	  be	  calculated	  by	  subtraction

QCD ! NRQCD� SCETqT

Philosophy	  :	  check	  (at	  NLO)	  if	  the	  structure
of	  the	  IR	  divergencies	  is	  the	  same	  in	  the	  two	  expressions.

�virt,(1)  ! {H f̃g/A
1 f̃g/B

1 }(1)virt
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(Maltoni/Polosa)

e�b2T (�f/h+�Q lnQ2)

2⇡



New TMD structures

30

references :

AS et al.
10.5506/APhysPolB.46.2501
Boer, Echevarria, Mulders, J. Zhou
arXiv:1511.03485
Amsterdam group
in preparation

http://dx.doi.org/10.5506/APhysPolB.46.2501
http://dx.doi.org/10.5506/APhysPolB.46.2501
http://arxiv.org/abs/arXiv:1511.03485
http://arxiv.org/abs/arXiv:1511.03485


Gluons in spin 1 hadrons

31

quarks gluons

spin 1/2

spin 1

TMDs

P

P

P

?

gluons in spin 1/2

gluons in spin 1

8 functions at 
leading twist

as for quarks,
we expect more structures

�µ⌫(k;P, S) ⇠ F.T. hPS| F+µ(0) U[0,⇠] F
+⌫(⇠) U

0

[⇠,0] |PSi|LF

�µ⌫(k;P, S, T ) ⇠ F.T. hPST | F+µ(0) U[0,⇠] F
+⌫(⇠) U

0

[⇠,0] |PST i|LF



Pomerons from the gauge connection ?

32

quarks gluons

spin 1/2

spin 1

TMDs

P

P

P

?

nothing 
(non partonic)

?

?

�µ⌫(k;P, S) ⇠ F.T. hPS| F+µ(0) U[0,⇠] F
+⌫(⇠) U

0

[⇠,0] |PSi|LF

gluons in spin 1/2
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1)	  There	  is	  much	  to	  learn	  about	  TMDs,	  and	  the	  12	  GeV	  program	  at	  
JLab	  is	  an	  excellent	  playground

2)	  How	  to	  access	  TMDs?	  Flexible	  and	  rich	  models	  +	  perturbative	  
information	  (TMD	  factorization	  and	  evolution)

3)	  SIDIS	  data	  suggest	  a	  flavor	  dependence	  in	  the	  intrinsic	  transverse	  
momentum	  of	  partons;	  this	  opens	  the	  path	  to	  yet	  unexplored	  
effects

4)	  we	  can	  find	  its	  footprints	  in	  e+e-‐	  annihilation	  and	  it	  might	  have	  a	  
non-‐negligible	  impact	  on	  Z/W±	  production

5)	  new	  structures	  can	  be	  introduced:	  factorization,	  universality,	  
evolution,	  phenomenology,	  ...
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how can we access TMDs
in the “best” possible way ?



Quark TMD PDFs
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xP

P kT
extraction of a quark

not collinear with the proton

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h�1

L g1L h�1L

T f�1T g1T h1, h�1T

Twist-2 TMDs

add references

�ij(k;P, S) ⇠ F.T. hPS|  ̄j(0) U[0,⇠]  i(⇠) |PSi|LF

spin-‐spin	  and	  spin-‐orbit	  
interactions

a similar scheme
holds for gluons
in Lorentz space



Gluon TMD PDFs
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spin-‐spin	  and	  spin-‐orbit	  interactions
between	  the	  proton	  and	  its	  constituents

LEADING
TWIST

Mulders,	  Rodriguez
PRD	  63	  (2001)

�µ⌫(k;P, S) ⇠ F.T. hPS| F+µ(0) U[0,⇠] F
n⌫(⇠) U

0

[⇠,0] |PSi|LF

hermiticity,	  parity,	  
time-‐reversal
invariance
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|k?| ⇠ ⇤QCD

intrinsic 
transverse 
momentum

courtesy A. Bacchetta
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|k?| ⇠ ⇤QCD |k?|⌧ Q

soft and collinear
gluon radiation

intrinsic 
transverse 
momentum

courtesy A. Bacchetta
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|k?| ⇠ ⇤QCD |k?|⌧ Q

soft and collinear
gluon radiation

hard
gluon radiation

|k?| ⇠ Q

intrinsic 
transverse 
momentum

courtesy A. Bacchetta
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TMD	  PDF

OPE	  -‐	  matching	  coefficient

PDFmedium/high	  qT
Sudakov	  form	  factor
+	  perturbative	  tail

intrinsic	  low	  qT	  
(model)

transverse	  momentum	  spectrum	  of	  physical	  observables	  

qT

qT ⇠ ⇤QCD qT � QqT ⇠ QqT ⌧ Q

T̃g/A(x, bT ;µ, ⇣) =
X

j=q,q̄,g

C̃

T
g/j(x, bT ;µ, ⇣)⌦ tj/A(x;µ) +O(bT⇤QCD)

matching	  Y-‐termlow-‐qT	  resummed	  W-‐term
TMD	  factorization/evolution

fixed	  order	  term
collinear	  factorization



Transverse momentum spectrum
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TMDs generate the qT dep. of cross sections : but how in practice ?

intrinsic momentum + 
soft/coll. gluon radiation hard gluon radiationmatching

correct the color code



The road to TMD phenomenology
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Model the low qT 
behavior 

Need for  
experimental data ! 

Low-high qT 
transition 

TMDlib, a C++ library 
of TMDs 

Fitting techniques 
(the replica method) 

Calculate the  
high qT tail 

Scale evolution 
(zooming the structure) 

quark pol.

U L T

h
a
d
r
o
n
p
o
l
.

U D1 H?
1

L G1L H?
1L

T D?
1T G1T H1, H

?
1T

Table 3: Twist-2 transverse-momentum-dependent fragmentation functions.

The U,L,T correspond to unpolarized, longitudinally polarized and trans-

versely polarized nucleons (rows) and quarks (columns). Functions in black

survive transverse momentum integration. Functions in red are T-odd.
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L D?
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L HL, EL

T DT , D
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T GT , G

?
T HT , H

?
T , ET , E

?
T

Table 4: Twist-3 transverse momentum dependent fragmentation functions.

The U,L,T correspond to unpolarized, longitudinally polarized and trans-

versely polarized nucleons (rows) and quarks (columns). Functions in black

and magenta survive transverse momentum integration. Functions in red

and magenta are T-odd.
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Table 3: Twist-2 transverse-momentum-dependent fragmentation functions.

The U,L,T correspond to unpolarized, longitudinally polarized and trans-

versely polarized nucleons (rows) and quarks (columns). Functions in black

survive transverse momentum integration. Functions in red are T-odd.

quark pol.

U L T

h
a
d
r
o
n
p
o
l
.

U D? G? H, E

L D?
L G?

L HL, EL

T DT , D
?
T GT , G

?
T HT , H

?
T , ET , E

?
T

Table 4: Twist-3 transverse momentum dependent fragmentation functions.

The U,L,T correspond to unpolarized, longitudinally polarized and trans-

versely polarized nucleons (rows) and quarks (columns). Functions in black

and magenta survive transverse momentum integration. Functions in red

and magenta are T-odd.

2

TMD Monte Carlo generators 

(un)polarized gluon TMD PDFs 
at NLO and NNLL accuracy  

Quarkonia production  

pp ! QQ̄[2S+1L(1,8)
J ] +X

at AFTER@LHC 

relying	  on	  factorization:	  

focus



SIDIS @ Hermes
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Intrinsic	  flavor	  dependence:	  a	  way	  to	  account	  for
	  differences	  between	  cross	  sections	  related	  to	  different	  final	  state	  hadrons

e± + P/D ! e± + {⇡±/K±}+X



Flavor in transverse momentum
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P

xiP

xjP

xkP

xlP

xmP

proton momentum

collinear partonic momenta

partonic transverse momenta

up quarks

down quarks

sea quarks

pT,i

pT,j

pT,k

pT,l

pT,m

photon

Da
1(z, P

2
?, Q

2)

f

a
1 (x, k

2
?, Q

2)

Unpolarized!

Unpolarized!

do the TMD parts
depend on the quark flavor?
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hk2
?, qi(x) = h dk2

?, qi
(1� x)↵ x

�

(1� x̂)↵ x̂

�

h dk2
?, qi = hk2

?, qi(x̂ = 0.1)

hP 2
?, q!hi(z) = h \P 2

?, q!hi
(z� + �) (1� z)�

(ẑ� + �) (1� ẑ)�

h \P 2
?, q!hi = hP 2

?, q!hi(ẑ = 0.5)



Best fit parameters
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Parton model picture
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qT

qT ⇠ ⇤QCD qT � QqT ⇠ QqT ⌧ Q

TMD	  region

hk2?,uv
i 6= hk2?,dv

i 6= hk2?,seai

hˆk2

?,ai for a = uv, dv, sea. In total, we use five different parameters to describe all TMD
PDFs. Since the present data have a limited coverage in x, we found no need of more
sophisticated choices.

As for TMD FFs, fragmentation processes in which the fragmenting parton is in the
valence content of the detected hadron are usually defined favored. Otherwise the process
is classified as unfavored. The biggest difference between the two classes is the number
of qq̄ pairs excited from the vacuum in order to produce the detected hadron: favored
processes involve the creation of at most one qq̄ pair. If the final hadron is a kaon, we
further distinguish a favored process initiated by a strange quark/antiquark from a favored
process initiated by an up quark/antiquark.

For simplicity, we assume charge conjugation and isospin symmetries. The latter is
often imposed also in the parametrization of collinear FFs [47], but not always [48]. In
practice, we consider four different Gaussian shapes:

⌦
P 2

?,u
~

⇡+

↵
=

⌦
P 2

?, ¯d
~

⇡+

↵
=

⌦
P 2

?,ū
~

⇡�
↵
=

⌦
P 2

?,d
~

⇡�
↵

⌘
⌦
P 2

?,fav

↵
, (2.15)

⌦
P 2

?,u
~

K+

↵
=

⌦
P 2

?,ū
~

K�
↵

⌘
⌦
P 2

?,uK

↵
, (2.16)

⌦
P 2

?,s̄
~

K+

↵
=

⌦
P 2

?,s
~

K�
↵

⌘
⌦
P 2

?,sK

↵
, (2.17)

⌦
P 2

?,all others

↵
⌘

⌦
P 2

?,unf

↵
. (2.18)

The last assumption is made mainly to keep the number of parameters under control, though
it could be argued that unfavored fragmentation into kaons is different from unfavored
fragmentation into pions.

As for TMD PDFs, also for TMD FFs we introduce a dependence of the average square
transverse momentum on the longitudinal momentum fraction z, as done in several mod-
els or phenomenological extractions (see, e.g., Refs. [15, 28, 41, 49–51]). We choose the
functional form

⌦
P 2

?,a
~

h

↵
(z) =

⌦
ˆP 2

?,a
~

h

↵
(z

�
+ �) (1 � z)

�

(ẑ

�
+ �) (1 � ẑ)

�
where

⌦
ˆP 2

?,a
~

h

↵
⌘

⌦
P 2

?,a
~

h

↵
(ẑ), and ẑ = 0.5.

(2.19)

The free parameters �, �, and � are equal for all kinds of fragmentation functions. In
conclusion, we use seven different parameters to describe all the TMD FFs.

3 Analysis procedure

3.1 Selection of data

The Hermes collaboration collected a total of 2688 data points (336 points for each of the
8 combination of target and final-state hadrons), with the average values of (x,Q2

) ranging
from about (0.04, 1.25 GeV2

) to about (0.4, 9.2 GeV2

), 0.1  z  0.9, and 0.1 GeV 
|PhT |  1 GeV. The collaboration presented two distinct data sets, including or neglecting
vector meson contributions. Here, we use the data set where the vector meson contributions
have been subtracted. In all cases, we sum in quadrature statistical and systematic errors

– 7 –

neglect	  QCD	  evo	  =	  parton	  model
hQ2i = 2.4 GeV2

f

a
1 (x, kT ) = f

a
1 (x)

1

⇡hk2T ia(x)
e

� k

2
T

hk2
T

i
a

(x)

Da/h
1 (z, P?) = Da

1(z)
1

⇡hP 2
?ia/h(z)

e
� P2

?
hP2

?ia/h(z)

Flavor and kinematic 
dependent widths 



The replica method

46

A	  fit	  is	  performed	  on	  each	  replica

200	  best-‐fit	  values	  for	  the	  parameters

We	  get	  a	  distribution,	  not	  a	  single	  value;
physically	  reacher

clean	  access	  to	  uncertainties

More	  complete	  exploration	  of	  the	  minima	  in	  
the	  space	  of	  fit	  parameters

200	  statistical	  replicas	  of	  HERMES	  data



Fits of multiplicities
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10

mHx,z,PhT2 ,Q2L, proton target
Xx\~0.15
XQ2\~2.9 GeV2

10-1

101
p- p+

0.10<z<0.20
0.27<z<0.30
0.38<z<0.48
0.60<z<0.80

0.0 0.4 0.8
PhT
2

10-2

100 K-

0.0 0.4 0.8
PhT
2

K+

FIG. 3. Data points: Hermes multiplicities m

h
p(x, z, P 2

hT ; Q2) for pions and kaons o↵ a proton target as functions of P 2
hT for

one selected x and Q

2 bin and few selected z bins. Shaded bands: 68% confidence intervals obtained from fitting 200 replicas of
the original data points in the scenario of the default fit. The bands include also the uncertainty on the collinear fragmentation
functions. The lowest P 2

hT bin has not been included in the fit.

mHx,z,PhT2 ,Q2L, deuteron target
Xx\~0.15
XQ2\~2.9 GeV2

10-1

101
p- p+

0.10<z<0.20
0.27<z<0.30
0.38<z<0.48
0.60<z<0.80

0.0 0.4 0.8
PhT
2

10-2

100 K-

0.0 0.4 0.8
PhT
2

K+

FIG. 4. Same content and notation as in the previous figure, but for a deuteron target.

proton target     global  χ2 / d.o.f.  = 1.63 ± 0.12
                      no flavor dep.             1.72 ± 0.11

π−

1.80 ± 0.27
1.83 ± 0.25

K−

0.78 ± 0.15
0.87 ± 0.16

π+

2.64 ± 0.21
2.89 ± 0.23

K+

0.46 ± 0.07
0.43 ± 0.07



Best fit values
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Parameters for TMD PDFs

Default
Q

2
> 1.6 GeV2 Pions only Flavor-indep.

⌦
ˆk2
?,dv

↵
[GeV2] 0.30 ± 0.17 0.33 ± 0.19 0.34 ± 0.12 0.30 ± 0.10

⌦
ˆk2
?,uv

↵
[GeV2] 0.36 ± 0.14 0.37 ± 0.17 0.35 ± 0.12 0.30 ± 0.10

⌦
ˆk2
?,sea

↵
[GeV2] 0.41 ± 0.16 0.31 ± 0.18 0.29 ± 0.13 0.30 ± 0.10

↵ (random) 0.95 ± 0.72 0.93 ± 0.70 0.95 ± 0.68 1.03 ± 0.64

� (random) �0.10 ± 0.13 �0.10 ± 0.13 �0.09 ± 0.14 �0.12 ± 0.12

Table 3. 68% confidence intervals of best-fit parameters for TMD PDFs in the different scenarios.

Parameters for TMD FFs

Default
Q

2
> 1.6 GeV2 Pions only Flavor-indep.

⌦
ˆP 2
?,fav

↵
[GeV2] 0.15 ± 0.04 0.15 ± 0.04 0.16 ± 0.03 0.18 ± 0.03

⌦
ˆP 2
?,unf

↵
[GeV2] 0.19 ± 0.04 0.19 ± 0.05 0.19 ± 0.04 0.18 ± 0.03

⌦
ˆP 2
?,sK

↵
[GeV2] 0.19 ± 0.04 0.19 ± 0.04 - 0.18 ± 0.03

⌦
ˆP 2
?,uK

↵
[GeV2] 0.18 ± 0.05 0.18 ± 0.05 - 0.18 ± 0.03

� 1.43 ± 0.43 1.59 ± 0.45 1.55 ± 0.27 1.30 ± 0.30

� 1.29 ± 0.95 1.41 ± 1.06 1.20 ± 0.63 0.76 ± 0.40

� 0.17 ± 0.09 0.16 ± 0.10 0.15 ± 0.05 0.22 ± 0.06

Table 4. 68% confidence intervals of best-fit parameters for TMD FFs in the different scenarios.

Moreover, the fits prefer large values of the exponents � and � for TMD FFs, but with large
uncertainties; the parameter � is usually small.

Here below, we discuss in detail the results for the four different scenarios.

4.1 Default fit

In this scenario, we consider all 1538 data points selected according to the criteria explained
in Sec. 3.1. The quality of the fit is fairly good. The global �2

/d.o.f. is 1.63 ± 0.13. In
Fig. 2, the distribution of the �

2

/d.o.f. over the 200 replicas is shown. Many replicas
have �

2

/d.o.f. > 1.5. This indicates some difficulty to reproduce the data correctly. It
is not surprising if we take into account that the description of the collinear multiplicities
was already difficult (see Tab. 1). It may actually seem contradicting that our fit is able to
describe the transverse-momentum-dependent multiplicities relatively well. This is probably
simply due to the fact that the multidimensional binning has many more data points but
with much larger statistical errors.

In Tab. 2, we list the 68% confidence intervals of the �

2

/d.o.f. also for each target-
hadron combination N ! h, separately. The worst result is for D ! K

�. This may be a

– 12 –

68%$confidence$intervals$of$best4fit$parameters$for$TMD$FFs$in$the$different$scenarios$$
$
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0)	  SIDIS	  (Hermes)	  multiplicities	  are	  also	  compatible	  with	  flavor	  
dependent	  configurations	  in	  the	  intrinsic	  transverse	  momentum	  of	  
partons

1)	  on	  average	  :	  sea	  >	  u-‐val	  >	  d-‐val	  	  &	  	  unf	  >	  fav(π),	  fav(K)	  >	  fav(π)

2)	  Despite	  not	  producing	  dramatic	  effects	  on	  SIDIS,	  the	  flavor	  
decomposition	  of	  TMDs	  opens	  the	  way	  to	  yet	  unexplored	  effects

3)	  flavor	  dependence	  in	  TMD	  FFs	  can	  be	  investigated	  at	  e+e-‐	  
experiment,	  together	  with	  information	  on	  the	  non-‐perturbative	  
evolution

4)	  we	  need	  to	  look	  at	  different	  observables	  with	  multi-‐D	  kinematic	  
ranges
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d�h1h2

dz1dz2dq2T dy
⇠ H(Q2, µ)

⇥
X

q

e2q

Z 1

0
dbT bT J0(qT bT )


z21D

q!h1
1 (z1, bT ;µ, ⇣1)z

2
2D

q̄!h2
1 (z2, bT ;µ, ⇣2) + (q $ q̄)

�

+ Y (q2T /Q
2) +O(M2/Q2)

no	  high	  qT	  tail
(collinear	  factorization)

no	  higher	  twist

1,	  no	  alpha	  corrections

Dq!h
1 (z, bT ;µ, ⇣) = [C ⌦ dq!h

1 ](z, bT ;µ, ⇣)| {z }
small bT /medium kT

+ O(bT⇤QCD)| {z }
high bT /small kT

flavor	  and	  kinematic
dependent	  

Gaussian	  model
(JHEP	  1311	  (2013)	  194)

LO	  and	  NLL	  
pert.	  Sudakov	  

quark	  form	  factor OPE	  coefficients
are	  delta	  on	  the

flavors

models	  for
non-‐pert.	  

Sudakov	  quark	  f.f.

models	  for
the	  small/high	  bT

separation

b̂T (bT ; bmax

) = {b⇤T , b†T }glin/log
np

(b2T ; g2)

e�
hk2

T iq/h(z)

4 b2T
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glinnp(b
2
T ; g2) =

g2
4
b2T

glog
np

(b2T ; g2) = g
2

ln

✓
1 +

b2T
4

◆

b†T = b
max

⇢
1� exp


� b4T

b4
max

�� 1
4

����!
bT!1

b
max

b⇤T =
bTq

1 +
b2T

b2
max

����!
bT!1

b
max two	  different	  ways	  

to	  approach	  bmax,	  
the	  point	  where	  we	  stop

trusting	  the	  perturbative	  result

for	  b	  larger	  than	  bmax	  
a	  model	  is	  needed
also	  in	  the	  evolution	  

bmax	  and	  g2
are	  anticorrelated

parameters

see	  also	  PhysRevD.91.074020
(Collins,	  Rogers)

http://dx.doi.org/10.1103/PhysRevD.91.074020
http://dx.doi.org/10.1103/PhysRevD.91.074020


... factorization scale (evolution scheme)
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�F.O. ⇠ ln
Q

qT at	  scale	  	  

factorization

µ

hard	  part	  H perturbative
part	  of	  W	  term

(TMDs)
resumming	  these	  logarithms	  
we	  get	  a	  finite	  cross	  section	  

at	  low	  qT

Different	  choices	  
are	  possible	  for	  the

factorization	  scale,	  with	  
different	  implications:

µ

Q

µb ⇠ 1/b , qT electron

positron hadron

hadron

minimize	  logs	  in	  W

minimize	  logs	  in	  H

H TMDs

factorization	  in	  a	  nutshell

ln
Q

µ
· µ

µb
= ln

Q

µ
+ ln

µ

µb
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using	  Q	  rather	  than	  mub	  
we	  get	  very	  different	  predictions

overall	  effect:	  larger	  distributions,
more	  perturbative	  content

Q	  enhances	  the	  logs	  
in	  the	  evolved	  TMDs,
mub	  minimizes	  them:

lnQ/µb

lnµb/µb = 0



... factorization scale (evolution scheme)
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overlap	  between
the	  two	  prescriptions

for	  different	  NP	  
parameters

can’t	  we	  distinguish
them	  ?

lnQ/µb

lnµb/µb = 0

Q	  enhances	  the	  logs	  
in	  the	  evolved	  TMDs,
mub	  minimizes	  them:

using	  Q	  rather	  than	  mub	  
we	  get	  very	  different	  predictions

overall	  effect:	  larger	  distributions,
more	  perturbative	  content



... factorization scale (evolution scheme)
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Yes,	  but	  only
taking	  into	  account

the	  z	  dependence	  too!

it	  requires	  combined
information	  on

P1\perp	  and	  z1,	  z2

lnQ/µb

lnµb/µb = 0

Q	  enhances	  the	  logs	  
in	  the	  evolved	  TMDs,
mub	  minimizes	  them:

using	  Q	  rather	  than	  mub	  
we	  get	  very	  different	  predictions

overall	  effect:	  larger	  distributions,
more	  perturbative	  content
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... partonic flavor 
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PhT
2 @GeV2D

MHp+p-L ê MHK+K-L
mb scale - flavor indep. 8bT* , gnplin<

bmax=1.5
g2=0.18

z1=0.3, z2=0.5

z1=0.5, z2=0.5

z1=0.7, z2=0.5

mu_b	  scale	  evolution

ratios	  of	  multiplicities

the	  transverse	  momentum
dependence	  is	  described	  
BOTH	  by	  the	  input	  NP
Gaussian	  distributions
and	  the	  collinear	  FF

this	  is	  the	  effect	  of	  the
perturbative	  flavor	  dependence	  ONLY:

it	  is	  induced	  by	  RGE	  equations
with	  flavor	  dependent	  

initial	  conditions	  (collinear	  FF)

larger	  effect,
combination	  of

perturbative	  and	  NP
flavor	  dependence

but	  the	  two	  are	  
difficult	  to	  disentangle!

dq!h
1 (z, µb(bT ))e

�
hk2

T iq!h(z)

4 b2T

exp.	  data	  may	  be	  useful
to	  discriminate	  among	  the	  replicas
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Five	  take-‐home	  messages	  :

0)	  The	  way	  we	  implement	  QCD	  evolution	  affects	  the	  extraction	  of	  
non-‐perturbative	  information	  -‐	  [very	  important]

1)	  At	  Belle	  scale	  (100	  GeV2)	  we	  can	  discriminate	  evolution	  schemes	  
and	  pin	  down	  non-‐perturbative	  evolution	  parameters	  (g2,	  bmax)

2)	  Annihilations	  at	  BES	  scale	  (14.6	  GeV2)	  can	  be	  very
useful	  to	  select	  non-‐perturbative	  intrinsic	  parameters	  of	  TMD	  FFs

3)	  Annihilations	  to	  different	  final	  states	  {π,	  K}	  can	  be	  useful	  to	  
constrain	  flavor	  dependence	  of	  TMD	  FFs

4)	  knowledge	  of	  unpolarized	  TMD	  FFs	  helps	  in	  constraining	  both	  
(un)polarized	  TMD	  PDFs	  and	  polarized	  TMD	  FFs
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1% - 9% at high Q
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Philosophy	  :	  check	  if	  the	  structure
of	  the	  IR	  divergencies	  is	  the	  same	  as	  in	  ‘full’	  QCD.
If	  so,	  the	  SCET-‐factorized	  form	  works	  as	  QCD,	  

namely	  factorization	  is	  “established”

L
QCD

 ! Ln + Ln̄ + L
soft

1)	  It	  is	  an	  effective	  theory	  of	  QCD

2)	  based	  on	  a	  systematic	  expansion	  of	  the	  QCD	  lagrangian	  in	  powers	  of	  small	  

parameters

3)	  describes	  QCD	  interaction	  among	  low	  and	  high	  energy	  modes	  on	  the	  base	  of	  

separate	  lagrangians	  for	  (ultra)soft	  and	  (anti)collinear	  modes

5)	  	  ASSUMPTION	  :	  SCET	  reproduces	  the	  IR	  structure	  of	  QCD	  ;	  need	  for	  a	  “matching”	  
coefficient

6)	  useful	  to	  implement	  resummation	  |	  good	  for	  phenomenology



A multistep matching process
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NRQCD� SCETqT

QCD

NRQCD� SCET⇤QCD

factorization	  of	  the	  cross	  section	  
in	  terms	  of	  TMD	  PDFs

re-‐factorization	  of	  TMD	  PDFs
on	  the	  basis	  of	  PDFs

spin-‐independent	  
matching	  coefficient:

(square	  root	  of	  “hard	  part”)

spin-‐dependent	  
matching	  coefficient:
(OPE	  Wilson	  coeffs.)

CH

C̃T
g/j



gluon	  field

1 : factorization
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matching	  CH

effective	  descriptionQCD

OQCD = CH(�q2;µ2) {�†�(⌘q)
µ⌫  Bµ,a

n? (S†
nSn̄?)

abB⌫,b
n̄?}

d� =
1

2s

d3q

(2⇡)32Eq

Z
d4ye�iq·y

X

X

hPSA, P̄ SB |O(y)|X + ⌘qihX + ⌘q|O(0)|PSA, P̄ SBi

QCD ! NRQCD� SCETqT

soft	  Wilson	  linesquark	  fields

+	  crossed	  term



1 : factorization
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3)	  	  Gamma	  structure	  fixed	  to	  
	  	  	  	  	  	  reproduce	  the	  LO	  QCD	  result

d�

dyd

2
q?

⇠ Oqq̄(⌘q)|CH |2�†
µ↵�⌫�

⇥ F̂T [ G̃µ⌫
g/A(xA, bT , SA;µ, ⇣A) G̃

↵�
g/B(xB , bT , SB ;µ, ⇣B) ]

+O(qT /M)

but	  no	  pole	  structure	  yet:	  go	  to	  next	  order!

1)	  	  |CH|2	  is	  the	  “hard	  part”	  :	  	  at	  this	  point	  still	  not	  known	  

2)	  	  NRQCD	  matrix	  element

�µ⌫ =
↵s⇡

3
p
M

2
p
2✏?µ⌫p

(d� 2)(d� 3)

p
N2

c � 1

QCD ! NRQCD� SCETqT

gluon	  correlators	  in	  IPS
(see	  M.	  Echevarría’s	  talk)

medium/high	  qT	  corrections

Oqq̄(⌘q) =|h0|�† (y)|⌘qi|2 =
Nc

2⇡
|Rnl(0)|2[1 +O(v4)]

TMD	  factorization	  region
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�v

�
Born

|
ren

=
↵s

2⇡


�2

CA

✏2
IR

� 2

✏
IR

✓
�
0

2
+ CA ln

µ2

M2

◆
+ 2CF

⇡2

2v

� CA ln2
µ2

M2

+ 2CA

✓
1 +

⇡2

3

◆
+ 2CF

✓
� 5 +

⇡2

4

◆�

f̃g
1 =

↵s

2⇡


CA

✏2UV

+
1

✏UV

✓
�0

2
+ CA ln

µ2

⇣A

◆
�CA

✏2IR
� 1

✏IR

✓
�0

2
+ CA ln

µ2

⇣A

◆�

Coulomb	  singularity	  absorbed
by	  NRQCD	  matrix	  element

renormalization	  
takes	  care	  of	  UV

SCET	  correctly	  reproduces	  QCD	  at	  NLO

on-‐shell	  renormalization	  scheme

QCD ! NRQCD� SCETqT

see	  	  Phys.	  Rev.	  D	  70,	  054014	  
(Maltoni&Polosa),

Phys.Rev.	  D48	  (1993)	  (Kuhn&Mirkes)

X	  2	  TMDs Yes!

H = 1 +
↵s

2⇡


� CA ln2

µ2

M2
+ 2CA

✓
1 +

⇡2

3

◆
+ 2CF

✓
� 5 +

⇡2

4

◆�

Useful

H =
⇥
�virt,(1) � {f̃g/A

1 f̃g/B
1 }(1)virt

⇤



2 : re-factorization
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NRQCD� {SCETqT ! SCET⇤QCD}

TMD	  PDF

OPE	  -‐	  matching	  coefficient

PDFmedium/high	  qT
Sudakov	  form	  factor
+	  perturbative	  tail

intrinsic	  low	  qT	  
(model)

transverse	  momentum	  spectrum	  of	  physical	  observables	  

qT

qT ⇠ ⇤QCD qT � QqT ⇠ QqT ⌧ Q

T̃g/A(x, bT ;µ, ⇣) =
X

j=q,q̄,g

C̃

T
g/j(x, bT ;µ, ⇣)⌦ tj/A(x;µ) +O(bT⇤QCD)

matching	  Y-‐termlow-‐qT	  resummed	  W-‐term
TMD	  factorization/evolution

fixed	  order	  term
collinear	  factorization
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qT

qT ⇠ ⇤QCD qT � QqT ⇠ QqT ⌧ Q

collinear	  factorization
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√
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pp → ηc +X , LHCb
prompt data

high	  qT	  spectrum	  	  

partonic	  calculation	  from	  
Phys.Rev.	  D48	  (1993)	  179-‐189

(Kuhn&Mirkes)

LHCb	  data
Eur.	  J.	  Phys.	  C75	  (2015)	  311

Preliminary

⌘c
NRQCD	  from	  Phys.	  Rev.	  Lett.	  114,	  092004
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qT

Y	  term	  	  :
matching	  between	  

low	  and	  high	  transverse	  momenta

qT ⇠ ⇤QCD qT � QqT ⇠ QqT ⌧ Q

On the to-do list!

Y =
d�qT�Q

dqT
� d�ASY

dqT

(see	  O.	  Gonzalez’s	  talk)

TMD	  region collinear	  region
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1)	  Factorization	  for	  qT	  spectrum	  of	  quarkonium	  has	  been	  established	  
at	  NLO	  using	  the	  SCET	  methodology

2)	  we	  can	  make	  solid	  predictions	  for	  (un)polarized	  TMD	  cross	  
sections	  for	  LHC,	  RHIC,	  AFTER@LHC	  

3)	  implementing	  perturbative	  content	  we	  can	  set	  the	  grounds	  for	  
the	  extraction	  of	  information	  about	  the	  proton	  structure
(provided	  that	  we’ll	  get	  data!)



The gluon Sivers effect
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Review	  Boer-‐Lorcé-‐Pisano-‐Zhou	  
Message	  :	  the	  effect	  is	  not	  constrained!

usual	  argument	  :	  since	  BSM	  	  holds,	  
we	  know	  it	  	  should	  be	  suppressed

two	  objections:

1)	  the	  numerical	  extractions	  are	  strongly	  model	  dependent	  and	  
performed	  at	  LO

2)	  we	  know	  that	  any	  gluon	  Sivers	  is	  given	  by	  the	  sum	  of	  two	  
universal	  gluon	  Sivers	  function	  (process	  dependence),	  one	  of	  

each	  is	  constrained	  by	  BSM	  and	  the	  other	  not
(since	  the	  momentum	  operator	  is	  C-‐even,	  the	  C-‐	  even	  function	  is	  

constrained,	  but	  the	  C-‐odd	  on	  no

then	  there	  is	  need	  for	  improved	  predictions	  
and	  extractions:	  we	  need	  the	  theoretical	  tools

fg?
1T
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TMD	  factorization qT

qT ⇠ ⇤QCD qT � QqT ⇠ QqT ⌧ Q

collinear	  factorization

model	  for	  low/intrinsic	  
transverse	  momentum

µb̂ = 2e��E/b̂T

b̂T (bT ) = bc

✓
1� e�(bT /bc)

2

◆1/2

, bc = 1.5 GeV�1

exp

⇥
� b2T (�

T
f + �Q ln(Q2/Q2

0))
⇤

prescriptions	  to
separate	  between

low	  and	  high	  
transverse	  momenta

choices	  with	  important
phenomenological	  impact	  (at	  medium	  energies)
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Bµ
n? =

1

g
[n̄ · PW †

n iDµ
n? Wn]

Wn(x) = P exp

 Z 0

�1
dsn̄ ·Aa

n(x+ n̄s)t

a

�

Sn(x) = P exp

 Z 0

�1
dsn ·Aa

s(x+ ns)t

a

�
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Z

W+

ū

u

u

d̄

d�

dqT
⇠ �U

A �U
B |M|2

⇠ C[ fq/A
1 fq/B

1 ] ± C[ h?q/A
1 h?q/B

1 ]
unpolarized quarks transv. polarized quarks

Quark TMDs at the LHC



77

no sufficient knowledge

Z

W+

ū

u

u

d̄

d�

dqT
⇠ �U

A �U
B |M|2

⇠ C[ fq/A
1 fq/B

1 ] ± C[ h?q/A
1 h?q/B

1 ]
unpolarized quarks transv. polarized quarks

Quark TMDs at the LHC



78

no sufficient knowledge

Z

W+

ū

u

u

d̄

focus on the
flavor structure 

of the NP part

d�

dqT
⇠ �U

A �U
B |M|2

⇠ C[ fq/A
1 fq/B

1 ] ± C[ h?q/A
1 h?q/B

1 ]
unpolarized quarks transv. polarized quarks

Quark TMDs at the LHC

Intrinsic	  <kT>	  effects	  have	  been	  
measured	  on	  Z	  data

and	  used	  to	  predict	  the	  W	  qT	  spectrum,
assuming	  they	  are	  the	  same.

This	  is	  not	  optimal,	  because	  
the	  intrinsic	  contributions	  are,	  in	  principle,

different	  in	  Z	  and	  W±	  production
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no sufficient knowledge

Z

W+

ū

u

u

d̄

focus on the
flavor structure 

of the NP part

d�

dqT
⇠ �U

A �U
B |M|2

⇠ C[ fq/A
1 fq/B

1 ] ± C[ h?q/A
1 h?q/B

1 ]
unpolarized quarks transv. polarized quarks

Preliminary

qT

d�
/d

q T

Quark TMDs at the LHC



W mass determination @ CDF

80

PhysRevD.89.072003

controlled mainly
by soft gluonsMW = 80.387± 0.019 GeV



W mass determination @ D0
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controlled only 
by soft gluons

Are	  there	  yet	  unexplored	  uncertainties	  
on	  the	  Z/W	  transverse	  spectrum?

PhysRevD.89.012005
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d�Z/W±

dqT
⇠ FT

X

i,j

exp

�
� gij b2T

 gij ⇠ hk2T ii + hk2T ij + soft gluons

g	  comes	  from	  2	  TMD	  PDFs	  
and	  controls	  	  the	  position	  of	  the	  peak

DOI	  10.1063/1.1896698



Impact on the peak
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MESSAGE:	  
the	  uncertainty	  on	  the	  peak	  position	  	  is	  not	  negligible

Preliminary

shifts	  of	  peak	  position	  in	  GeV

We	  study	  flavor	  dependent	  configurations
that	  respect	  the	  experimental	  constraint	  on	  Z

producing	  different	  distributions	  for	  W±

gij(Z) : [GeV2] 0.7 = u+ ū = 0.2 + 0.5

= d+ d̄ = 0.3 + 0.4

= · · · = 0.6 + 0.1 = . . .

gij(W ) : [GeV2] 0.6 = u+ d̄ = 0.2 + 0.4 = . . .



lin. polarized gluons

(Un)polarized cross sections
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d�UU

dqT
⇠
�
C[fg

1 f
g
1 ]� C[h?g

1 h?g
1 ]

 

d�UT

dqT
⇠
�
C[fg

1 f
?g
1T ] + C[h?g

1 hg
1T ] + C[h?g

1 h?g
1T ]

 

gluon	  Sivers
gluon	  pretzelosity/1

gluon	  pretzelosity/2

gluon	  Sivers,	  pretzelosity	  1/2	  :	  OPE	  still	  unknown

d�UL

dqT
= 0 by	  parity	  arguments

rich	  phenomenology

TMDs	  known	  at	  NLO,	  NNLL

unpolarized gluons
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0)	  Phenomenology	  suggests	  a	  flavor	  dependence	  in	  the	  intrinsic	  
transverse	  momentum	  of	  partons;	  this	  opens	  the	  way	  to	  yet	  
unexplored	  effects

1)	  it	  might	  have	  a	  non-‐negligible	  impact	  on	  Z/W±	  production

2)	  are	  there	  contributions	  from	  transversely	  polarized	  quarks	  ?	  (Boer-‐
Mulders	  effect	  still	  not	  included)

3)	  3D	  proton	  structure	  is	  of	  interest	  for	  high-‐energy	  physics:	  
nonperturbative	  effects	  should	  be	  extracted	  and	  their	  impact	  tested


