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a phase transition in 3D studies

Parton model

QCD  
analysis  
+ data

Global fits

Parton model
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1D  
(standard parton distribution 
functions - PDFs)

QCD  
analysis  
+ data

3D  
(transverse momentum 
distributions - TMDs)

(where we  
are now)

Phase 1

Phase 2

first global fit of f1(x,k⏊) Bacchetta et al.,  
JHEP 1706 (17) 081
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a phase transition in 3D studies

Parton model

QCD  
analysis  
+ data

Global fits

Parton model

Global fits

1D  
(standard parton distribution 
functions - PDFs)

QCD  
analysis  
+ data

3D  
(transverse momentum 
distributions - TMDs)

(where we  
are now)

Phase 1

Phase 2

first global fit of f1(x,k⏊)

but there is another missing global fit for leading-order PDFs:  
the transversity!

Bacchetta et al.,  
JHEP 1706 (17) 081
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all three PDFs needed for a complete description  
of proton (spin) structure at leading order

transversity distribution flips helicity (chiral-odd) 
→ suppressed in inclusive DIS
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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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SIDIS  l-p↑, D↑ e+e−  

p-p↑  

proton

lepton

positron
π+π−, π+K−, K+K−

electron

π+π−

H^
1

f1 ⇥ h1 ⇥ H^
1

h1 H^
1

extraction  from  2-hadron-inclusive  data  

hermes

run 2006
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

more data 
(hopefully) soon 
to be released 

π+π−
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e+e−  

p-p↑  

proton

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

Collins, Heppelman, Ladinsky,  
N.P. B420 (94)

π+π−, π+K−, K+K−

π+π−

π+π−

SIDIS  l-p↑, D↑ 
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e+e−  

p-p↑  

proton

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
RT ≪ Q

survives to  
polar  

symmetry  
(  ∫ dPhT  )

π+π−, π+K−, K+K−

π+π−

π+π−

SIDIS  l-p↑, D↑ 
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e+e−  

p-p↑  

proton

lepton

positron

electron

H^
1

f1 ⇥ h1 ⇥ H^
1

h1 H^
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

π+π−, π+K−, K+K−

π+π−

π+π−

SIDIS  l-p↑, D↑ 
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not possible for  1-hadron-inclusive  data  

e+e−  

p-p↑  

proton

lepton

positron

electron

h1 ⌦ H?
1

H?
1

f1 ⌦ h1 ⌦ H?
1

Collins effect

quark

correlation ST and PhT  → azimuthal asymmetry

PhT

factorization
theorem

not yet proved

π, K, …

π, K, …

π, K, …

SIDIS  l-p↑, D↑ 
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e+e−  

p-p↑  

proton

lepton

positron

electron

H^
1

f1 ⇥ h1 ⇥ H^
1

h1 H^
1

first  extraction  
of  transversity 

from  a  global fit  
of  these  data

take−away  message

π+π−

π+π−π+π−

PRELIMINARY !

SIDIS  l-p↑, D↑ 
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the  data set  in  more  detail

■
■

■
■ ■ ■

■
■

■

���� ���� ���� ���� ���� ����

-����

����

����

����

����

����

�

���
�����(�) ��������

■

■

■

■

■

■■■
■

■
■

■
■

���� ���� ���� ���� ���� ����

-����

����

����

����

�

���
�����(�) ������

hermes



13
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the  data set  in  more  detail
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η<0 η>0

hermes

run  2006   s=200 GeV2

(effective coverage in x          )
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the  kinematics

hermes
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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
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the  kinematics

hermes

● ● ●
●

●
●

■ ■■ ■
■

■
■
■

■
■
■
■

■■
■
■
■

■
■
■
■

■
■

◆
◆◆
◆◆

◆◆◆

◆
◆◆
◆◆

◆◆◆

◆
◆◆
◆◆

◆
◆◆
◆◆

◆
◆◆
◆◆

◆
◆◆
◆◆◆◆

◆
◆◆

◆

10-4 10-3 10-2 10-1 100
100

101

102

103

104

x

Q
2
[G
eV

2
]

Adamczyk et al. (STAR),  
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low-x part 
unconstrained 
(important for 

   tensor charge)
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choice  of  functional  form
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qv
1 (x;Q2

0) = F (x)
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SBq(x) + SB
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(x)
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2|hq
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2)|  2 SBq(x,Q2) = |fq
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2)|

F (x) =

N

max

x

[|F (x)|] x
A

[1 +B Ceb1(x) + C Ceb2(x) +DCeb3(x)]

Soffer Bound

|N |  1 ) |F (x)|  1

Soffer Bound satisfied at any Q2

Cebn(x)  Cebyshev polynomial
10 fitting parameters



if                                       then                      grants                                              is finite  

choice  of  functional  form

h

qv
1 (x;Q2

0) = F (x)
h
SBq(x) + SB

q̄
(x)

i

2|hq
1(x,Q

2)|  2 SBq(x,Q2) = |fq
1 (x,Q

2) + g

q
1(x,Q

2)|

F (x) =

N

max

x

[|F (x)|] x
A

[1 +B Ceb1(x) + C Ceb2(x) +DCeb3(x)]

Soffer Bound

|N |  1 ) |F (x)|  1

Soffer Bound satisfied at any Q2

Cebn(x)  Cebyshev polynomial
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x!0

x SB(x) / x

ā A+ ā > 0
Z 1

0
dx h

q
1(x;Q

2) ⌘ �q(Q2)

this bound drastically constrains the tensor charge

with new functional form, Mellin transform can be computed analytically



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

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

choice  of  functional  form
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fit   SIDIS   asymmetry
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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

the  replica  method



fit   SIDIS   asymmetry

hermes
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

the  replica  method  (50)
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hermes
Airapetian et al., JHEP 0806 (08) 017
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Braun et al., E.P.J. Web Conf. 85 (15) 02018

the  replica  method  (100)
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fit   SIDIS   asymmetry

hermes
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

the  replica  method  (200)
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fit   SIDIS   asymmetry

hermes
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

the  replica  method  (68%)
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fit   STAR   asymmetry

68% 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 up

global fit

old fit

higher 
precision

all 200 replicas

68%  band



comparison  with  previous  fit

Soffer 
bound

down
global fit

old fit

effect of STAR data :
saturation of Soffer bound 
practically disappeared !

all 200 replicas

68%  band
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origin of saturation of Soffer bound   

full SIDIS fit 
“reduced” SIDIS fit : 

no bins #7,8 with deuteron 

Radici et al.,  
JHEP 1505 (15) 123

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

Anselmino et al.,  
P.R. D87 (13) 094019
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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),  
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precision :  potential  for  BSM  searches

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

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

β-decays and BSM physics

Ten effective couplings

E << Λ

1/Λ2  GF ~ g2Vij/Mw2 ~1/v2

• In the SM,  W exchange (V-A, universality)
β-decays and BSM physics
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LSM  universal V-A LBSM  new couplings: εS 1,  εPS γ5 ,  εT σμν
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precision  of  gT u-d   

current most stringent constraints on BSM tensor coupling come from 
• Dalitz-plot study of radiative pion decay  π+ → e+ νe γ 

• measurement of correlation parameters in neutron β-decay of 
various nuclei

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

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

| εT gT | ≲  5 × 10-4
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FIG. 1: (Color online) Values of the tensor charge,
g
T

(0, 4GeV2) with its uncertainty as obtained in: (1) DVMP,
Ref. [36]; (2) flexible form DiFF, Ref. [35]; (3) Single pion jet
SIDIS, Ref. [37]; Lattice QCD: (4) RQCD [14], (5) LHPC [12],
(6) PNDME [13].

better measurement of the d quarks contribution. The
results from this extraction are shown in Figure 1.

Deeply virtual exclusive pseudoscalar meson produc-
tion (DVMP),

l +N ! l0 + ⇡o(⌘) +N 0,

was proposed as a way to access transversity GPDs as-
suming a (twist three) chiral odd coupling (/ �5) for the
⇡o(⌘) prompt production mechanism [36, 38–42]. Three
additional transverse spin configurations are allowed in
the proton besides transversity which can be described in
terms of combinations of GPDs called E

T

, eH
T

, eE
T

[25].
The GPDs enter the observables at the amplitude level,
convoluted with complex coe�cients at the leading order,
thus forming the generalized form form factors (GFFs).
The various cross section terms and asymmetries are bi-
linear functions of the GFFs. A careful analysis of the
helicity amplitudes contributing to DVMP has to be per-
formed in order to disentangle the various chiral odd
GFFs from experiment [43].

The ideal set of data to maximally constrain the tensor
charge in the chiral odd sector are from the transverse
target spin asymmetry modulation [36],

F
sin(���S)
UT

= =m
h
H⇤

T

(2 eH
T

+ E
T

)
i

(7)

where �, is the angle between the leptonic and hadronic
planes, and �

s

, the angle between the lepton’s plane
and the outgoing hadron’s transverse spin. In Ref.[36]
the tensor charge was, however, extracted by fitting the
unpolarized ⇡o production cross section [20], using a
parametrization constrained from data in the chiral even

FIG. 2: (Color online) Bounds on ✏
T

obtained from preci-
sion measurements of beta decay using all current extrac-
tions and lattice QCD evaluations of the tensor charge g

T

,
plotted vs. the relative error, �g

T

/g
T

described in the text:
(turqoise) Lattice QCD [12, 13]; (yellow) Lattice QCD [14];
(green) Deeply virtual ⇡o and ⌘ production [36]; (blue) single
pion SIDIS [37]; (red) dihadron SIDIS [35]. The dashed lines
are future projections. All results were obtained using in the
definition of �g

T

/g
T

, each individual evaluation’s g
T

. The
grey band gives the error assuming �g

T

= 0, and the average
g
T

(see Fig.1). The lattice evaluations from Refs. [12, 13] are
indistinguishable.

sector to guide the functional shape of the in principle un-
known chiral odd GPDs. Notice that the tensor charge
was obtained with a relatively small error because of the
presence of these constraints. The results from this ex-
traction are also shown in Fig. 1.
Finally, in Fig. 1 we quote also the value obtained in

single pion SIDIS [37], although this is known to contain
some unaccounted for corrections from TMD evolution
[44, 45].

The impact on the extraction of ✏
T

, of both the lattice
QCD and experimental determinations of g

T

is regulated
by the most recent limit [46, 47],

| ✏
T

g
T

|< 6.4⇥ 10�4 (90%CL). (8)

Assuming no error on the extraction/evaluation of g
T

,
yields �✏

T,min

= 6.4 ⇥ 10�4/g
T

. Since the errors on
g
T

in both the lattice QCD and experimental extrac-
tions are a↵ected by systematic/theoretical uncertainty,
alternatives to the standard Hessian evaluation have been
adopted in recent analyses [18] which are based on the
R-fit method [48, 49]. By introducing the error on g

T

, we
obtain �✏

T

� �✏
T,min

. The amount by which �✏
T

de-
viates from the minimum error depends, however, on the
relative error �g

T

/g
T

as well as on the central value of
g
T

, and on C
T

. We find that within the range of param-
eters extracted from our analysis of exclusive and semi-
inclusive experiments, knowing the tensor charge up to a

ΔεΤ assuming  ΔgT=0

ΔεΤ from Torino

ΔεΤ from

Goldstein et al., arXiv:1401.0438

RQCD’14

PNDME’15 
LHPC’12

Courtoy et al., P.R.L. 115 (2015) 162001

| εT gT | ≲  5 × 10-4 Radici et al.,  
JHEP 1505 (15) 123
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need more data 
to adapt 

phenomenology 
to precision of 
measurements 

and lattice

(to be improved 
by global fit)
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Radici et al., P.R. D94 (16) 034012

To do  list   

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

Asymmetry (MInv ,pT) 

11 

4.5% scale uncertainty from beam polarization 

STAR Preliminary 

• AUT as a function 
of MInv plotted 
for 5 pT bins 

 

• Avg MInv in each 
MInv bin 
decreases with 
decreasing <pT> 

 

• Significant 
asymmetry seen 
at mid-MInv and 
high <pT> 

M. Skoby,  SPIN 2014
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➡ wait for data on unpolarized cross section dσ0 :   
e+e− → (ππ) Χ  constrains  D1q                                  

p+p → (ππ) Χ   constrains  D1g

AUT = ———

large K factor in dσ0 ? ( but not in dσUT ) 
uncertainty band probably underestimated 

but no K factor can modify AUT(Mh)

Radici et al., P.R. D94 (16) 034012
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dσUT
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dσ0

dσUT

➡ use Compass data on πK and KK channels :   
constrain  strange contribution  ?

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

Accardi and Bacchetta, arXiv:1706.02000
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the  kinematics
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Conclusions  

• first global fit of di-hadron inclusive data leading to 
extraction of transversity in collinear framework 
(PRELIMINARY!)

• inclusion of STAR p-p↑ data increases precision of extracted 
transversity and eliminates suspicious behavior of down 
channel; some tension with extraction from Collins effect

• tensor charge useful for low-energy explorations of BSM 
new physics ⇒ precision is an issue. In this respect, the 

global fit is a significant step forward 

THANK   YOU


