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A	  new	  goal	  

Access	  the	  flavor	  dependence	  of	  unpolarized	  

	  

	  transverse-‐momentum-‐dependent	  distribuSons	  (TMDs)	  	  

	  

from	  semi-‐inclusive	  hadron	  producSon	  

	  

4/26/14	   Andrea	  Signori	  -‐	  VU/Nikhef	   3	  



4/26/14	   Andrea	  Signori	  -‐	  VU/Nikhef	   4	  

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)



TMDs	  in	  SIDIS	  
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Which	  transverse	  momenta	  ?	  

4/26/14	   Andrea	  Signori	  -‐	  VU/Nikhef	   6	  

q�⇤ ! q0

D1^a	  

f1^a	  



MoSvaSons	  
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Flavor	  in	  transverse	  space	  
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… why not 
looking for it in!

 !
k⊥ dependence!

!
 of TMDs ?!

Since	  the	  flavor	  dependence	  
In	  the	  collinear	  case	  is	  strong	  …	  



Flavor	  in	  transverse	  space	  

ü  	  Laace	  QCD	  calculaSons	  
Musch	  et	  al.,	  	  PRD	  83	  (11)	  094507	  
[	  …	  ]	  
	  
	  

ü  	  Model	  calculaSons	  
Chiral	  quark	  soliton	  model	  [	  Scweitzer	  et	  al.,	  JHEP	  1301	  (913)	  163	  ]	  	  
Diquark	  spectator	  model	  [	  Baccheha	  et	  al.,	  PRD	  78	  (08)	  074010	  ]	  
StaSsScal	  approach	  [	  Bourrely	  et	  al.,	  PRD	  83	  (11)	  074008	  ]	  
NJL-‐jet	  model	  [	  Matevosyan	  et	  al.,	  	  PRD	  85	  (12)	  014021	  ]	  
[	  …	  ]	  

ü  	  Previous	  fits	  
JLab	  Hall	  C	  [	  Asaturyan	  et	  al.,	  (E00-‐108),	  	  PRC	  85	  (12)	  015202	  ]	  
	  

4/26/14	   Andrea	  Signori	  -‐	  VU/Nikhef	   9	  



Flavor	  in	  transverse	  space	  
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With	  flavor	  dependence	  we	  can	  account	  theoreAcally	  for	  
	  different	  cross	  secSons	  for	  different	  target/final	  state	  hadron	  combinaSons.	  



Flavor	  dependent	  
	  

Gaussian	  TMDs	  
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Flavor	  dependent	  Gaussians	  	  
Different	  Gaussian	  parametrizaAons	  of	  TMD	  parts	  

4/26/14	   Andrea	  Signori	  -‐	  VU/Nikhef	   12	  

-3 -2 -1 1 2 3

0.1

0.2

0.3

0.4

hk2?,uv
i 6= hk2?,dv

i 6= hk2?,seai

f

a
1 (x, k

2
?) = f

a
1 (x)

1

⇡hk2?,ai
exp

⇢
� k

2
?

hk2?,ai

�

-3 -2 -1 1 2 3

0.5

1.0

1.5

-3 -2 -1 1 2 3

0.05

0.10

0.15

Simplified	  flavor	  dependence!	  



Flavor	  dependent	  Gaussians	  	  
Different	  Gaussian	  parametrizaAon	  of	  TMD	  parts	  
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4	  different	  combinaSons	  out	  of	  

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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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
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KinemaSc	  dependence	  
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Flavor	  analysis	  
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	  Analysis	  
	  

of	  HERMES	  data	  
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Hermes	  
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e± + P/D ! e± + {⇡±/K±}+X

limited	  Q2	  range	  	  ⇒	  	  safely	  neglect	  evoluSon	  everywhere	  

6	  bins	  in	  x,	  	  
8	  bins	  in	  z,	  	  
7	  bins	  in	  PhT,	  	  
2	  targets,	  4	  final-‐state	  hadrons	  

2688	  points	  

Our	  selecSon	  
	  
•  Remove	  the	  first	  bin	  x-‐Q2	  (Q2>1.4	  GeV2)	  

•  	  0.1	  <	  z	  <	  0.8	  

•  	  PhT2	  <	  Q2/3	  

1538	  analyzed	  points	  



Fiang	  procedure	  
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⇥ 200
Monte	  Carlo	  fit	  

Distributions of best-values

}
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Sample	  of	  original	  data	  



Fiang	  procedure	  
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Replica	  of	  the	  original	  data	  with	  Gaussian	  noise	  



Fiang	  procedure	  
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We	  fit	  the	  replicated	  data…	  	  



Fiang	  procedure	  
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…	  repeaSng	  the	  fit	  over	  the	  200	  replicas	  



Fiang	  procedure	  

4/26/14	   Andrea	  Signori	  -‐	  VU/Nikhef	   23	  

Plot	  of	  the	  68%	  CL	  bands	  



Fiang	  procedure	  
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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.
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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



TMD	  PDFs	  –	  full	  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.



TMD	  PDFs	  –	  full	  analysis	  
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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 –
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TMD	  FFs	  –	  full	  analysis	  
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q→π  favored width  <  unfavored

q→π  favored width  
<  

q→K  favored width

point of 
no flavor dep.



TMD	  FFs	  –	  full	  analysis	  

Parameters for TMD PDFs
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Q

2
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� 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
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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
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68%	  confidence	  intervals	  of	  best-‐fit	  parameters	  for	  TMD	  FFs	  in	  the	  different	  scenarios	  	  
	  



TMD	  lib	  &	  ploher	  
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TMD	  lib	  :	  	  
a	  library	  of	  parametrizaSons	  of	  	  	  

TMDs	  and	  uPDFs	  	  
on	  the	  same	  fooSng	  of	  LHAPDF	   F.	  Hautmann,	  H.	  Jung	  

T.	  Rogers,	  P.	  Mulders,	  AS	  



Extensions	  
	  

[	  Amsterdam	  –	  Madrid	  –	  Pavia	  joint	  venture	  ]	  
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QCD	  evoluSon	  
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Looking	  towards	  SIDIS	  +	  DY	  +	  l+l-‐	  	  global	  fits	  …	  	   Collins	  (2011)	  
EIS	  (2012-‐2013)	  

Collinear	  OPE	  	  
for	  small	  bT	  

PerturbaSve	  	  
transverse	  momenta	  

and	  evoluSon	  
(resummed	  logs)	  

Intrinsic	  (large	  b)	  	  
transverse	  momenta	  

Sox	  evoluSon	  



e+e-‐	  mulSpliciSes	  
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WaiSng	  for	  the	  	  
experimental	  values	  
of	  these	  raSos..!	  

e+e� �! h jet X Pin	  down	  the	  most	  physical	  flavor	  dependent	  sets	  	  
looking	  at	  the	  spectrum	  in	  transverse	  momentum	  	  

of	  e+e-‐	  collisions	  
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Spin	  asymmetries	  –	  extracSons	  of	  polarized	  TMDs	  
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Monte	  Carlo	  generators	  dealing	  with	  	  
intrinsic	  transverse	  momentum	  
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	  	  	  	  	  There	  is	  a	  lot	  of	  room	  for	  flavor	  dependence	  :	  
	  
•  	  clear	  indicaSon	  in	  TMD	  FFs	  that	  	  

	  “q→π	  favored”	  width	  	  	  <	  	  	  “unfavored”	  	  &	  	  “q→K	   	  favored”	  

•  	  TMD	  PDFs:	  hints	  that	  	  dv	  width	  <	  uv	  width	  <	  sea	  width	  

•  if	  no	  K	  in	  final	  state:	  	  sea	  width	  <	  dv	  ~	  uv	  width	  
	  
•  flavor-‐independent	  fit	  performs	  worse	  but	  not	  ruled	  out	  
	  
•  anScorrelaSon:	  many	  intrinsic	  {k⊥,P⊥}	  give	  same	  PhT	  
	  4/26/14	   Andrea	  Signori	  -‐	  VU/Nikhef	   34	  



Backup	  slides	  

4/26/14	   Andrea	  Signori	  -‐	  VU/Nikhef	   35	  



Flavor	  in	  transverse	  space	  

4/26/14	   Andrea	  Signori	  -‐	  VU/Nikhef	   36	  

Musch	  et	  al.,	  	  P.R.	  D83	  (11)	  094507	  

Less	  up	  at	  larger	  transverse	  momentum..!	  

valence	  picture	  	  of	  proton,	  #u	  /	  #d	  =	  2	  
	  

Laace	  QCD	  



Flavor	  in	  transverse	  space	  

4/26/14	   Andrea	  Signori	  -‐	  VU/Nikhef	   37	  

Chiral	  quark	  soliton	  model	  
(Schweitzer,	  Strikman,	  Weiss)	  

JHEP	  1301	  (913)	  163	  
	  

And	  other	  models…	  
	  

Diquark	  spectator	  
(Baccheha,	  Courtoy,	  Radici	  –	  

PRD	  78	  (08)	  074010)	  
	  

StaSsScal	  approach	  
(Bourrely,	  Buccella,	  Soffer	  
-‐	  PRD	  83	  (11)	  074008	  

valence

sea
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TMD	  FFs	  	  -‐	  NJL-‐jet	  model	  

Matevosyan	  et	  al.,	  	  P.	  R.	  D85	  (12)	  014021	  
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up	  is	  wider	  than	  down	  
	  

favored	  wider	  than	  unfavored	  
Asaturyan	  et	  al.	  (E00-‐108),	  	  P.	  R.	  C85	  (12)	  015202	  
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in the convolution, for each flavor we get a Gaussian with width

hP 2
hT,qi = z2hk2

?,qi+ hP 2
?,q!hi Momenta	  	  

are	  anA
correla

ted!	  
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‘Tension’	  in	  the	  collinear	  case	  
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sea width  
       <  (mostly)

uv width

dv width  ~ (mostly)  uv width

point of 
no flavor dep.

Strange	  quarks	  
are	  relevant	  !	  
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e+e� �! h jet X Pin	  down	  the	  most	  physical	  flavor	  dependent	  sets	  	  
looking	  at	  the	  spectrum	  in	  transverse	  momentum	  	  

of	  e+e-‐	  collisions	  
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