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the  first  workshop  on  Transversity:  ECT* 2004

________________________________________________________CONFERENCE 

The Transversity Council of 
Trento at the ECT* (2004) 

 
 

In a recent workshop at the ECT* in Trento on New Developments in Nucleon 
Spin Structure memories of the famous Council of Trento (1530) were revived.  

 
During workshops experts get together to present the outcome of recent work, confront and 
discuss (new) ideas, get inspiration for further work, and incidentally start new collaborations. 
However, sometimes the conditions are so favorable that all workshop activities seem to be 
oriented towards a unique common goal. Each participant feels like being a member of one team 
cooperating to accomplish a well defined goal. 

The latter feeling occurred during the International Workshop on Transversity: New 
Developments in Nucleon Spin Structure in June 2004 that brought together some 40 leading 
experimental and theoretical physicists in the field of nucleon spin structure at the European 
Center for Theoretical Physics (ECT*). The ECT* is located in the beautiful recently renovated 
Villa Tambosi in Villazzano, which is a nice suburb in the hills above Trento, Italy.   
At the workshop many very interesting talks 
were presented by renown experts (among 
them M. Anselmino, J. Collins, M. Diehl, 
N.C.R. Makins, C.A. Miller, P.J.G. Mulders), 
supplemented by shorter -but not less 
inspiring- talks of PhD students and 
postdocs. The talks illustrated and sub-
stantiated the rapid developments in the 
new field of transverse spin physics. In fact, 
the results presented were so encouraging 
that the spontaneous idea emerged to 
devote part of the scheduled (and un-
scheduled) discussion time to the 
preparation of a document, soon christened 
The Trento Convention, containing all 
relevant notations and conventions that are 
crucial to achieve further progress in this 
field.  

 

 
 

 
John Collins and Andy Miller discussing  
spin physics during the workshop dinner. 

Such a document, which is now well under way, will soon be submitted to the e-print archives. 
It has been set up by a few representatives (A. Bacchetta and others), but it is virtually co-
authored by all the workshop participants. Just like the famous First Vatican Council that took 
place in Trento almost 500 year ago (1530), the document represents a common frame, and a 
common language for an unambiguous comparison between theory and experiment. It will be an 
indispensable tool to boost further developments in this area. 

But why is a seemingly technical subject as transverse spin physics so fascinating? From 
recent cosmological observations (by the WMAP satellite for instance), we know that visible 
matter represents only a small fraction (4%) of the universe. Of this small percentage only a 
minute fraction can be attributed to the mass of the quarks, for which -most likely- the Higgs 
mechanism has to be invoked. In fact, the remaining, i.e. by far largest, part of the mass of the 
visible universe has a dynamical origin. It is the dynamics of the quarks and gluons in the 
nucleon, as governed by the theory of strong interactions - Quantum Chromodynamics (QCD), 

excerpt from CERN Courier 44 n.8 (2004) 51

organizers: - E. De Sanctis 
                  - W.-D. Novak 
                  - M. Radici 
                  - G. van der Steenhoven

the workshop of the famous  
Trento Conventions 

Bacchetta et al., P.R. D70 (04) 117504



3

a phase transition in 3D studies as in PDFs
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extraction  from  2-hadron-inclusive  data  

Ph

Ph = P1+P2 
2R = P1-P2

quark

ΦR

2RT

correlation ST and RT  → azimuthal asymmetry

Collins, Heppelman, Ladinsky,  
N.P. B420 (94)
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extraction  from  2-hadron-inclusive  data  

Ph

Ph = P1+P2 
2R = P1-P2

quark

ΦR

2RT

correlation ST and RT  → azimuthal asymmetry

survives to  
polar  

symmetry  
(  ∫ dPhT  )

H
^
1RT≪Q



8

e+e−  

H  H↑  

Hadron

lepton

positron

electron

H
^
1

f1 ⇥ h1 ⇥ H
^
1

h1 H
^
1

extraction  from  2-hadron-inclusive  data  

Ph

Ph = P1+P2 
2R = P1-P2

quark

ΦR

2RT

correlation ST and RT  → azimuthal asymmetry

framework
collinear

factorization

survives to  
polar  

symmetry  
(  ∫ dPhT  )

SIDIS 

h1 h2 h1 h2

h1 h2

Hadron

Hadron

H
^
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advantage  of  2-hadron-inclusive  mechanism  

Dihadron fragmentation 
collinear framework

Collins effect 
TMD frameworkfactorized  

formulas
h2
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^
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1

extraction  from  2-hadron-inclusive  data  

DGLAP evolution 
connects   h1  &   H1

∢

at different scales

Artru & Collins, Z.Phys. C69 (96) 277     
Boer, Jakob, Radici, P.R.D67 (03) 094003 

Jaffe, Jin, Tang, P.R.L.80 (98) 1166  
Radici, Jakob, Bianconi, P.R.D65 (02) 074031 
Bacchetta & Radici, P.R. D67 (03) 094002

Ceccopieri, Radici, Bacchetta, P.L.B650 (07) 81

Bacchetta & Radici, P.R. D70 (04) 094032

SIDIS 

h1 h2 h1 h2

h1 h2

factorized formulas
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extraction  from  2-hadron-inclusive  data  

hermes

run 2006 (s=200)
Adamczyk et al. (STAR),  
P.R.L. 115 (2015) 242501

Airapetian et al.,  
JHEP 0806 (08) 017

Adolph et al., P.L. B713 (12)

Braun et al., E.P.J. Web Conf. 85 (15) 02018

Vossen et al., P.R.L. 107 (11) 072004

π+π−

e+e− → (h1 h2) X  SIDIS  l  H↑ → l ’ (h1 h2) X 

H  H↑ → (h1 h2) X   

proton

proton

run 2011 (s=500)
Adamczyk et al. (STAR),  
arXiv:1710.10215

Seidl et al., P.R. D96 (17) 032005
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H  H↑ → (h1 h2) X   

proton
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run 2011
Adamczyk et al. (STAR),  
arXiv:1710.10215

Seidl et al., P.R. D96 (17) 032005

D1q from Montecarlo
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first  extraction  
of  transversity 

from  a  global fit  
of  these  data

take−away  message
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the  kinematics
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Adamczyk et al. (STAR),  
P.R.L. 115 (2015) 242501

Airapetian et al.,  
JHEP 0806 (08) 017

Adolph et al., P.L. B713 (12)

Braun et al., E.P.J. Web Conf. 85 (15) 02018

run  2006    
s=200 GeV2
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Braun et al., E.P.J. Web Conf. 85 (15) 02018

low-x part 
unconstrained 
(important for 

   tensor charge)
JLab12
(SoLID)

run  2006    
s=200 GeV2
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if                                       then                   .3   grants                                              is finite  

choice  of  functional  form
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lim
x!0

x SB(x) / xā A+ ā > 0
Z 1

0
dx hq

1(x;Q
2) ⌘ �q(Q2)

this bound drastically constrains the tensor charge

with new functional form, Mellin transform can be computed analytically

MSTW08      DSSV



Stratmann & Vogelsang,  
P.R. D64 (01) 114007

to be computed thousands times… usual trick:  use Mellin anti-transform

N ϵ ℂ

choice  of  functional  form
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dσ (η,Mh,PT)   typical cross section for   a+b↑→c↑+d   process



Stratmann & Vogelsang,  
P.R. D64 (01) 114007

to be computed thousands times… usual trick:  use Mellin anti-transform

N ϵ ℂ

pre-compute Fb only one time  
on contour CN 

Im N

Re Npoles of h1N

CN

this speeds up convergence 
and facilitates  ∫ dN , provided 
that h1N is known analytically
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theoretical  uncertainties

typical cross section for   a+b→c+d   process

Single-Spin Asymmetry  
in p-p↑ collisions

d�0 /
X

a,b,c,d

Z
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8⇡2z̄
fa
1 (xa) f

b
1(xb)

d�̂ab!cd

dt̂
Dc

1(z̄,Mh)

AUT (⌘,Mh, PT ) =
d�UT

d�0

quark D1q is well constrained by e+e− (Montecarlo) but



theoretical  uncertainties

typical cross section for   a+b→c+d   process

Single-Spin Asymmetry  
in p-p↑ collisions

d�0 /
X

a,b,c,d

Z
dxadxb

8⇡2z̄
fa
1 (xa) f

b
1(xb)

d�̂ab!cd

dt̂
Dc

1(z̄,Mh)

AUT (⌘,Mh, PT ) =
d�UT

d�0

we don’t know anything about the gluon D1g  (e+e− doesn’t help..)

our choice:  compute dσ0 with D1g (Q0) =
0
D1u (Q0) / 4
D1u (Q0) {

deteriorates our e+e− fit as  χ2/dof =
1.69 
1.81 
2.96 

1.28 
1.37 
2.01 

background ρ       channels

{

quark D1q is well constrained by e+e− (Montecarlo) but



statistical  uncertainty:  the  bootstrap  method
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fit   STAR   asymmetry

90% uncertainty band

Adamczyk et al. (STAR),  
P.R.L. 115 (2015) 242501
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χ2  of  the  fit

χ2/dof = 2.08 ± 0.09

Total

SIDIS

STAR



comparison  with  previous  fit

Soffer 
bound

upglobal fit

old fit higher 
precisionRadici et al.,  

JHEP 1505 (15) 123

global fit
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upglobal fit
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precision
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Radici et al.,  
JHEP 1505 (15) 123

D1g (Q0) = 0

D1g (Q0) = D1u /4
D1u{

global fit

up
insensitive to 

uncertainty on
gluon D1

global fit
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old fit

effect of STAR data :
saturation of Soffer bound 

practically disappeared
Radici et al.,  
JHEP 1505 (15) 123
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comparison  with  previous  fit

Soffer 
bound

down

global fit

old fit

effect of STAR data :
saturation of Soffer bound 

practically disappeared

global fit

0

D1g (Q0) = 0

D1g (Q0) = D1u /4
D1u{

down
sensitive to 

uncertainty on
gluon D1

Radici et al.,  
JHEP 1505 (15) 123

need dihadron multiplicities from RHIC
and better deuteron data from COMPASS



tensor  charge   δq(Q2) = ∫dx h1q-q (x,Q2)−

δq[0,1]   Q02 = 1 
               (except TMDfit)

global  
fit

TMD fit

Torino

up

down
Kang et al.,  
P.R. D93 (16) 014009

Anselmino et al.,  
P.R. D87 (13) 094019
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FIG. 3. (a) Contour plot of �u and �d samples from the
MC analysis, for the SIDIS only (blue) and SIDIS+lattice
(red) analysis. The expectation values and 1� uncertain-
ties for both fits are indicated by the respective error bars.
(b) Normalized yields from the MC analysis of the isovector
tensor charge gT , for the SIDIS-only (yellow histograms) and
SIDIS+lattice (red histograms) analyses.

matic for the isovector charge, gT = 0.9(8) ! 1.0(1). The
earlier analysis of SIDIS data by Kang et al. [21] quotes
�u = 0.39(11) and �d = �0.22(14), with gT = 0.61(25)
at Q

2 = 10 GeV2, which approximately coincides with
the values at the peaks of the SIDIS-only yields in Fig. 3.
The improved MC methodology employed in our analy-
sis gives a more realistic representation of the expectation
values and uncertainties, revealing clear compatibility be-
tween the SIDIS data and lattice results.

Future extensions of this work will explore incorpo-
rating TMD evolution via the CSS framework [22, 55],
and improved treatment of the large-Ph? contributions
through the addition of the Y -term [49]. Inclusion of K±

SIDIS and e
+
e
� annihilation data will allow further sepa-

ration of sea quark flavor contributions to h1 and better
constraints on the favored and unfavored Collins FFs.
Upcoming high-precision data from Je↵erson Lab should
also provide significantly improved kinematical coverage
at intermediate x and z values.
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and by the National Science Foundation contracts PHY-
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precision :  potential  for  BSM  searches

 tensor operator not directly accessible in tree-level LSM  
 low-energy footprint of new physics (BSM) at higher scales ? 
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precision :  potential  for  BSM  searches

 tensor operator not directly accessible in tree-level LSM  
 low-energy footprint of new physics (BSM) at higher scales ? 

Example:  neutron β−decay   n → p e− νe

LSM  universal V-A LBSM  new couplings: εS 1,  εPS γ5 ,  εT σμν

εT gTu-d  

_
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ē�µ(1� �5)⌫e ū�µ(1� �5)d

talk by Courtoy

. . .+ "T ē�µ⌫⌫e q̄�µ⌫q . . .

(≈ MW2 / MBSM2)current experimental constraint from  
- radiative pion decay 

  
- neutron β decay | εT gTu-d | ≲  5 × 10-4

Bychkov et al. (PIBETA), P.R.L. 103 (09) 051802

Pattie et al., P.R. C88 (13) 048501
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To do  list   

➡ use also other (multi-dimensional) 
data from STAR run 2011 (s=500) 
and (later) run 2012 (s=200)

Adamczyk et al. (STAR), arXiv:1710.10215
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Figure 7: The azimuthal asymmetry as a function of invariant mass in the highest pT bin compared with predictions from fits
to existing SIDIS and e+e� data provided by the same authors as [12]. Details on the calculation can be found in [36].

The ⇡+
⇡
� azimuthal correlation observable, AUT , is defined in Eq. (6), where P is the beam polarization

and N
"(#) is the number of pion pairs when the polarization of the beam is pointing up (down). The

combination of di↵erent polarization directions and detector hemispheres removes luminosity and e�ciency

dependencies from the asymmetry calculation to leading order [38].

AUT is calculated for eight �RS bins of equal width in the range [0,⇡], which are then fitted with a

single-parameter function, AUT · sin(�RS), to extract the amplitude. This procedure is carried out as a

function of the pseudorapidity of the pion pair, which is denoted as ⌘ for the remainder of this report. ⌘ >

0 is forward with respect to the polarized beam direction. AUT is also measured as a function of invariant

mass, Minv, and pT .

AUT · P · sin(�RS) =

p
N"(�RS)N#(�RS + ⇡)�

p
N#(�RS)N"(�RS + ⇡)p

N"(�RS)N#(�RS + ⇡) +
p
N#(�RS)N"(�RS + ⇡)

. (6)

The scale uncertainty due to the beam polarization in this analysis is 4.5%. We investigated a potential

bias of the triggered events towards pions that come from quark jets, which could result in an enhancement

of the measured asymmetries, since gluons are not expected to contribute to transversity. To investigate this

bias, particles produced in p+p simulated events from PYTHIA 6.426 [39] with the Perugia-0 tune [40], were

processed through a detector simulator (GSTAR package based upon GEANT 3.21/08T [41]), and then used

to estimate the quark/parton ratio of a biased sample over the quark/parton ratio in an unbiased sample.
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➡ refit di-hadron fragmentation functions using new data:           
e+e− → (ππ) Χ  constrains  D1q                                     

(currently only by Montecarlo)                              
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of the measured asymmetries, since gluons are not expected to contribute to transversity. To investigate this

bias, particles produced in p+p simulated events from PYTHIA 6.426 [39] with the Perugia-0 tune [40], were

processed through a detector simulator (GSTAR package based upon GEANT 3.21/08T [41]), and then used

to estimate the quark/parton ratio of a biased sample over the quark/parton ratio in an unbiased sample.
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➡ need data on  p+p → (ππ) Χ   constrains  gluon D1g

Seidl et al.,  
P.R. D96 (17) 032005

➡ use COMPASS data on πK and KK channels, and from Λ↑ fragmentation:   
constrain  strange contribution  ?

➡ explore other channels, like inclusive DIS via Jet fragm. funct.’s  

talk by Accardi

talk by Aschenauer  
           & Surrow

talk by Vossen & Schnell

talk by Moretti



Conclusions  

• first global fit of di-hadron inclusive data leading to 
extraction of transversity as a PDF in collinear framework

• inclusion of STAR p-p↑ data increases precision of up channel 
and eliminates suspicious behavior of down;                    
large uncertainty on down due to unconstrained gluon        
di-hadron fragmentation function

• tensor charge useful for low-energy explorations of BSM 
new physics ⇒ precision is an issue.                               

This global fit is an important step forward 

THANK   YOU



Back-up  
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Transversity   poorly   known   

  f1  from fits of  
thousands data

g1  from fits of   
hundreds data

h1  from fits of  
tens data

slide from H.Montgomery,  
QCD Evolution 2016

World data for F2p World data for g1p World data for h1
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extraction  from  1-hadron-inclusive  data  

SIDIS  e+e−  

p-p↑  

proton

lepton

positron
1 pion

electron

1 pion

h1 ⌦ H
?
1

H
?
1

f1 ⌦ h1 ⌦ H
?
1

1 pion

Collins effect

quark

correlation ST and PhT  → azimuthal asymmetry

PhT

framework
TMD

factorization
PhT ≪ Q

Collins,  
N.P. B396 (93) 161



Comparison  with  Collins effect 
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FIG. 27. (a) Comparison of extracted transversity (solid lines and shaded region) Q2 = 2.4 GeV2 with Torino-Cagliari-JLab
2013 extraction [17] (dashed lines and shaded region).
(b) Comparison of extracted transversity (solid lines and shaded region) at Q2 = 2.4 GeV2 with Pavia 2015 extraction [18]
(shaded region).
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FIG. 28. Comparison of extracted Collins fragmentation functions (solid lines) at Q2 = 2.4 GeV2 with Torino-Cagliari-JLab
2013 extraction [17] (dashed lines and shaded region).

much better determined by the existing data, as one can see from Fig. 28 that the functions at Q2 = 2.4 GeV2 are
compatible within error bands. The unfavored fragmentation functions are different, however those functions are not
very well determined by existing experimental data.
We also compare the tensor change from our and other extractions in Fig. 29. The contribution to tensor charge

of Ref. [18] is found by extraction using the so-called dihadron fragmentation function that couples to collinear
transversity distribution. The corresponding functions have DGLAP type evolution known at LO and were used in
Ref. [18]. The results plotted in Fig. 29 corresponds to our estimates of the contribution to u-quark and d-quark in
the region of x [0.065, 0.35] at Q2 = 10 GeV2 at 68% C.L. (label 1) and the contribution to u-quark and d-quark in
the same region of x and the same Q2 using the so-called flexible scenario, αs(M2

Z) = 0.125, of Ref. [18]. One can
see that our extraction has an excellent precision for both u-quark and d-quark. The fact that the central values and
errors of extracted tensor charges are in a good agreement in both methods, ours and Ref. [18], is very positive and
allows for future investigations of transversity including all available data in a global fit.
Our results compare well with extractions from Ref. [17]. Even though correct TMD evolution was not used in

Ref. [17] the effects of DGLAP evolution of collinear distributions were taken into account and the resulting fit is of
good quality, χ2/d.o.f. = 0.8 for the so-called standard parametrization of Collins fragmentation functions. In fact
the probability that the model of Ref. [17] correctly describes the data is P (0.8 ∗ 249, 249) = 99%. The tensor charge
was estimated at 95% C.L. using two different parametrizations for Collins fragmentation functions, the so-called
standard parametrization that utilized similar to our parametrization and the polynomial parametrization. In Fig. 30
we compare our results with calculations from Ref. [17] at 95% C.L. at Q2 = 0.8 GeV2 and calculations at 68 % at
Q2 = 1 GeV2 of Ref. [18]. Even though we compare tensor charge at different values of Q2 its evolution is quite slow,
so the good agreement of all three methods is a good sign. We conclude that tensor charge perhaps is very stable with

Kang et al. (“TMDfit”),  
P.R. D93 (16) 014009

Anselmino et al. (Torino),  
P.R. D87 (13) 094019

global fit :  •up:  gain precision
               •down: compatible

up

down

global fit

Torino

“TMDfit”

also from forward limit of chiral-odd GPD HT
Goldstein et al., P.R. D91 (15) 114013

also possible on lattice (LAMET): “quasi-PDF”
Chen et al., arXiv:1603.06664



isovector  tensor  charge  gT u-d = δu - δd
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