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The curious case of 3D hadron structure
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Outline of curiosities
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1) how to organize and “map” the study of hadron structure 

2) asymmetries associated to hadron structure as a non abelian AB effect

3) some research lines and a focus on my work
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The research line
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Hadron physics & QCD
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hadrons (composite particles)

quarks (elementary particles)

gluons (elementary particles)

The gluons are the mediators of 
the strong force, 

described by means of 
Quantum Chromodynamics 

(QCD)



Why the proton?
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- building blocks of our world: 
at the core of the atomic nucleus;  
~ 99.97% of the mass of the world we 
live in is accounted by protons
+neutrons (hadrons)

- connection between chemistry, atomic, 
nuclear physics and the elementary 
building blocks of Nature

up

u

down
d

up

u



Why the proton?
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HOW WELL DO WE KNOW THE PROTON ?

up

u

down
d

up

u

- building blocks of our world: 
at the core of the atomic nucleus;  
~ 99.97% of the mass of the world we 
live in is accounted by protons
+neutrons (hadrons)

- connection between chemistry, atomic, 
nuclear physics and the elementary 
building blocks of Nature



Transverse looks at hadrons
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How to map hadron structure in 3D momentum space in terms of quarks and gluons
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Wigner distributions

W (q, p) =
1

⇡h

Z +1

�1
dy hq � y| ⇢̂ |q + yi e2ipy/h

In 1932, Wigner formulated quantum mechanics in terms of a distribution W (q, p), the 
marginals of which yield the quantum probabilities for q and p separately. 

- It provides a re-expression of quantum mechanics in terms of classical concepts
- quantum mechanical expectation values are now expressed as averages over phase-
space distributions:

position momentum

Tr(⇢̂Â) �!
Z

dp dq A(q, p) W (q, p)

density matrix for the studied system
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Wigner, TMDs, GPDs 

W (q, p) =
1

⇡h

Z +1

�1
dy hq � y| ⇢̂ |q + yi e2ipy/h

In 1932, Wigner formulated quantum mechanics in terms of a distribution W(q, p), the 
marginals of which yield the quantum probabilities for q and p separately. 

In perturbative QCD we do not know how to calculate the density matrix of quarks/gluons 
inside a proton, which is of nonperturbative nature. 

We can define projections of Wigner distributions, as the TMDs and the GPDs, and link it 
to information accessible in experimental data.

position momentum density matrix for the studied system

W(q, p) 

TMDs (collinear momentum, transverse momentum)

GPDs (collinear momentum, transverse position)
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The European Physical Journal A
Volume 52 / No 6 (June 2016)

each projection
carries only a portion

of the 
complete picture

complementary 
information

(TMDs, GPDs, etc.)
is essential to 
have a global 

understanding of
hadron structure

Wigner, TMDs, GPDs 



Proton tomography
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like shooting a “picture” of the 
proton using a photon: 

the proton “breaks”

we reconstruct the internal 
structure looking at the 

produced particles

proton remnant

photon

electron

Deep Inelastic Scattering (DIS)

detected hadron



Semi-inclusive DIS
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hadron

photon

proton

quarkq

P

Ph

p

kk⊥

k⊥

PhT

P⊥

∼zk⊥

access to transverse motion of quark
TMD FF

TMD PDF



TMD PDFs
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extraction of a parton (quark/gluon)
not collinear with the proton

knowledge of the proton 
structure in 

three-dimensional 
momentum space
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mathematical maps 
of the structure

with coordinates :

{x, ~

kT , Q}collinear (1D) 
momentum

of the constituent

transverse (2D) 
momentum energy of the probe

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

TMD PDFs
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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 TMDsTMDs

knowledge of the proton 
structure in 

three-dimensional 
momentum space

mathematical maps 
of the structure

with coordinates :

{x, ~

kT , Q}

energy of the probe

collinear (1D) 
momentum

of the constituent

transverse (2D) 
momentum

TMD PDFs



Geometry meets experiments
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What generates the hadronic matter?
The color force is responsible for the generation of hadronic properties:

connection between the geometrical description of the theory and experimental measurements



A matter of connections
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Ehrenberg and Siday -  
Aharonov and Bohm (1950s)

double slit screen with interference pattern

It is possible to show that the 
amplitude of the

interference pattern on the 
screen is proportional to a phase 

involving the integral of the 
electromagnetic potential

(connection)

 effect induced by the connection 
U(1) !

A

exp

⇢
� ie

I
dx ·A(x)

�

e-
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A matter of connections

Single Spin Asymmetries in QCD

STAR Collab. arXiv:1511.06003
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FIG. 4. [Color online] Transverse single-spin asymmetry amplitude for W+ (left plot) and W− (right plot) versus yW compared
with the non TMD-evolved KQ [11] model, assuming (solid line) or excluding (dashed line) a sign change in the Sivers function.
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S. Bültmann et al., Phys. Lett. B 647 98 (2007);
G. G. Ohlsen and P. W. Keaton Jr, Nucl. Instr. Meth.
109 41 (1973).

[25] S. M. Aybat, A. Prokudin, and T. C. Rogers, Phys. Rev.
Lett. 108, 242003 (2012);
M. Anselmino, M. Boglione, S. Melis, Phys. Rev. D 86,
014028 (2012);
P. Sun and F. Yuan, Phys. Rev. D 88, 114012 (2013).

[26] G. Altarelli and G. Parisi., Nucl. Phys. B 126, 298
(1977);
Yu. L. Dokshitzer, Sov. Phys. JETP 46, 641 (1977);
V. N. Gribov, L. N. Lipatov, Sov. J. Nucl. Phys. 15, 438
(1972).

[27] J. Collins, EPJ Web of Conferences 85, 01002 (2015).

)s/
T

    (= 2pTJet x
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Su
bp

ro
ce

ss
 F

ra
ct

io
n

0

0.1

0.2

0.3

0.4

0.5

0.6

jet+X→pp
NLO CTEQ6M
Anti-kT R=0.6

|<1η|

gg qg

qq+qq'

=200 GeVsSolid:    
=500 GeVsDotted: 

 

Z.)Chang,)DNP)2013)

 [GeV/c]
T

Particle-jet p
5 6 7 8 9 10 11 12 13

U
T

) Sq
si

n(
A

-0.05

0

0.05

 > 0Fx
 < 0Fx

 = 500 GeVs jet + X at A + p Bp
| < 1

jet
d, R = 0.6     |TAnti-k

Sivers!Asymmetries!at!500!GeV)

16)Recent)Spin)Results)from)STAR)6)Drachenberg)

No)sign)of)sizable)azimuthal)asymmetry)
in)jet)produc:on)at)√s = 500)GeV)

6  Consistent*with*expectaEon*from*
measurements*at*√s = 200*GeV*

6  Consistent*with*theory*predicEons*
e.g.,*Kanazawa*and*Koike*PLB*720,*161*(2013)*

Asymmetries!shown!as!
func0on!of!par0cle?jet!pT!
Corresponding*parton-jet*
pT*lower*by*0.6-1.4*GeV/c*

)
Horizontal)errors)include)

uncertain:es)from)
sta:s:cs,)calorimeter)
gains,)efficiencies,)track)
momentum,)and)tracking)

efficiency)

J.)Drachenberg,)MENU)2013)

pp" ! W� ! `�⌫̄

AN ⇠ d�(")� d�(#)
P

P’

Flipping the direction of the transverse 
spin, we observe an asymmetry (AN) in 

the cross section

ST

http://arxiv.org/abs/arXiv:1511.06003
http://arxiv.org/abs/arXiv:1511.06003
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A matter of connections

Single Spin Asymmetries : the first investigations
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A matter of connections

Single Spin Asymmetries in QCD pp" ! W� ! `�⌫̄

P

P’

ST

As in a non-abelian Aharonov-Bohm 
effect, the quark “feels the connection” 
*color, SU(3)* associated to the other 

hadron

“remnant” (colored)

the first proposal relied on
interactions of soft gluons

from the target remnants with the active 
partons in the initial state

collinear twist-3 matrix elements 

Qiu-Sterman [QS] function

TF (xq, xg)
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A matter of connections

Single Spin Asymmetries in QCD pp" ! W� ! `�⌫̄

P

P’

ST

“remnant” (colored)

Later, D. Sivers proposed an explanation 
based on the correlation

between the transverse momentum kT of 
the quark and 

the transverse spin ST of the proton

introducing the Sivers TMD PDF

~

kT ⇥ ~

ST f

?
1T (x, k

2
T )

kT
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A matter of connections

Single Spin Asymmetries in QCD pp" ! W� ! `�⌫̄

P

P’

ST

“remnant” (colored)

It turns out that to satisfy the time 
reversal invariance and gauge invariance 
of QCD, a gluon exchange is needed also in 

the case of the Sivers function: 
formal introduction of gauge links 

in TMD PDFs

TMD and collinear twist-3 pictures are 
related!

~

kT ⇥ ~

ST f

?
1T (x, k

2
T )

kT
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A matter of connections

Single Spin Asymmetries in QCD pp" ! W� ! `�⌫̄

P

P’

ST

“remnant” (colored)

kT

The common feature: the gluon exchange 
between the active parton 

and the remnant of the
 polarized hadron generates an imaginary 
phase, required for having a non-vanishing 

asymmetry

P

P’

ST

“remnant” (colored)

P exp

⇢
� ig

Z

c
dsµ Aµ,a

(s)

�

asymmetry induced by non-abelian connection
NON ABELIAN AB effect
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A matter of connections

Single Spin Asymmetries in QCD pp" ! W� ! `�⌫̄

P

P’

ST

“remnant” (colored)

kT

- matched at large transverse momentum (OPE)
- also work in progress in PSU Berks, JLab

P

P’

ST

“remnant” (colored)

TF (xq, xg) f

?
1T (x, k

2
T )
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Experimental investigations
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LHCEIC



Some research lines

28



Hot topics
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how does confinement work ?

u

d

u



Hot topics
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how to describe
the proton spin ?

What about the 
proton mass ?u

d

u



Hot topics
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how are the elementary 
constituents distributed 

inside the proton?

How do they move ?

How different is the motion of 
gluons vs quarks? What about 

the flavor?

Internal tomography

u

d

u



Hot topics
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Impact of the structure on 
high-energy scattering experiments



My focus
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how does confinement work?

tomography of 
the internal structure

the proton spin

...

impact of the structure
on high-energy scattering

experiments

u

d

u



Evolution effects
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u

d

u
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What happens if we 
change the resolution

of the picture?

QCD evolution equationsu

d

u

uu

Evolution effects
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What happens if we 
change the resolution

of the picture?

QCD evolution equationsu

d

u

uu

Impact on high-energy physics 
experiments? 

Interplay with flavor effects?

The roots of this question 
are inside

factorization theorems

Evolution effects
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lepton-proton

electron-positron

proton-proton

Q = 9.39 GeVQ = 1.55 GeV

Q = 3.82 GeV Q = 10 GeV Q = 80.385 GeV

Q = 91.187 GeV⌘b

TMDs and QCD evolution

W±

Z

Need of TMD evolution
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TMD PDF

TMD PDF

Drell-Yan



Flavor effects
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What does the 
transverse momentum dependence 

of the maps look like? 

Does it depend on the 
flavor of the quarks?

u

d

u

kT,up

kT,up

kT,down

AS, PhD thesis

https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf
https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf
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Yes!* 
And what is its impact 
on high-energy physics 

experiments? 

u

d

u

kT,up

kT,up

kT,down

What does the 
transverse momentum dependence 

of the maps look like? 

Does it depend on the 
flavor of the quarks?

(* = under specific assumptions )

Flavor effects AS, PhD thesis

https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf
https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf
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lepton-proton
data

extraction from

Flavor effects AS, PhD thesis

https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf
https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf


Hot topics
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Impact of the structure on 
high-energy scattering experiments



EW precision measurements
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After the measurement of the Higgs mass, all the free 
parameters of the Standard Model are known.

Precise measurements of electroweak quantities allow:

1) Stringent tests of the self consistency of the SM

2) Looking for hints of physics beyond the SM

In particular the values of the masses of the gauge 
bosons, the Higgs and the top quark can help in 
discriminating among different BSM scenarios.

totσ - O) / indirect(O
-3 -2 -1 0 1 2 3

)2
Z

(M(5)
hadαΔ

)2
Z

(Msα

tm
b
0R
c
0R

0,b
FBA

0,c
FBA

bA
cA
)

FB
(Qlept

effΘ2sin
(SLD)lA
(LEP)lA

0,l
FBA
lep
0R

0
hadσ

ZΓ

ZM
WΓ

WM
HM

Global EW fit
Indirect determination
Measurement

Eur.Phys.J. C74 (2014) 3046

see: 
* S. Camarda - Measurement of the W mass with ATLAS
EPS 2017

H, Z, t : direct determinations more precise than indirect;
not for W !



W mass
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ATLAS, arxiv:1701.07240

Need to better control the uncertainties 
associated to 

direct determinations of mW

Is it possible to reduce the uncertainty
to less than 10 MeV ? 

Are we estimating all the uncertainties
of hadronic nature in the best way possible?



Z vs W : flavor content
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Z

W+

ū

u

u

d̄

hadronic	
  uncertainties	
  have	
  been	
  
estimated	
  on	
  Z	
  data

and	
  used	
  to	
  predict	
  the	
  W	
  distribution,
assuming	
  they	
  are	
  the	
  same	
  for	
  Z	
  and	
  W

This	
  reflects	
  a	
  flavor	
  independent	
  approach	
  
and	
  might	
  not	
  be	
  optimal

because	
  of	
  the	
  different	
  flavor	
  content:

the	
  intrinsic	
  contributions
are	
  different	
  in	
  Z	
  and	
  W±	
  production

AS	
  -­‐	
  PhD	
  thesis

https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf
https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf
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Conclusions
& outlook



Backup

47
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3

⌘i=� ln
⇥
tan( 1

2

✓i)
⇤
, ✓i being the polar angles of the final

partons in the virtual photon-hadron cms frame. Note
that A now also receives a contribution from �

⇤

q ! gq,
leading to somewhat smaller asymmetries.

Since the observables involve final-state heavy quarks
or jets, they require high energy colliders, such as a future
Electron-Ion Collider (EIC) or the Large Hadron electron
Collider (LHeC) proposed at CERN. It is essential that
the individual transverse momentaKi? are reconstructed
with an accuracy �K

?

better than the magnitude of the
sum of the transverse momenta K

1?

+K

2?

= qT . Thus
one has to satisfy �K

?

⌧ |qT | ⌧ |K
?

|.
An analogous asymmetry arises in QED, in the ‘tri-

dents’ processes `e(p) ! `µ

+

µ

�

e

0(p0 orX) or µ

�

Z !
µ

�

`

¯̀
Z [18–21]. This could be described by the distribu-

tion of linearly polarized photons inside a lepton, pro-
ton, or atom. QCD adds the twist that for gluons inside
a hadron, ISI or FSI can considerably modify the result
depending on the process, for example, in HQ produc-
tion in hadronic collisions: p p ! QQ̄X, which can be
studied at BNL’s Relativistic Heavy Ion Collider (RHIC)
and CERN’s LHC, and p p̄ ! QQ̄X at Fermilab’s Teva-
tron. Since the description involves two TMDs, breaking
of TMD factorization becomes a relevant issue, cf. [14]
and references therein. The cross section for the process
h

1

(P
1

)+h

2

(P
2

)!Q(K
1

)+Q̄(K
2

)+X can be written in a
way similar to the hadroproduction of two jets discussed
in Ref. [13], in the following form

d�

dy

1
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d

2K
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d

2K
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sM
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?
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+ C(q2

T )q
4

T cos 4(�T � �

?

)
i
. (7)

Besides q2

T , the terms A, B and C will depend on other,
often not explicitly indicated, variables as z, M

2

Q/M
2

?

and momentum fractions x

1

, x
2

obtained from x

1/2 =
(M

1?

e

±y1 +M

2?

e

±y2 ) /
p
s .

In the most naive partonic description the terms A, B,
and C contain convolutions of TMDs. Schematically,

A : f

q
1

⌦ f

q̄
1

, f

g
1

⌦ f

g
1

,

B : h

? q
1

⌦ h

? q̄
1

,

M

2

Q

M

2

?

f

g
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⌦ h

? g
1

,

C : h

? g
1

⌦ h

? g
1

.

Terms with higher powers in M

2

Q/M
2

?

are left out. In
Fig. 1 the origin of the factorM2

Q/M
2

?

in the contribution

of h? g
1

to B is explained.
The factorized description in terms of TMDs is prob-

lematic though. In Ref. [14] it was pointed out that for
hadron or jet pair production in hadron-hadron scatter-
ing TMD factorization fails. The ISI/FSI will not allow
a separation of gauge links into the matrix elements of

the various TMDs. Only in specific simple cases, such
as the single Sivers e↵ect, one can find weighted expres-
sions that do allow a factorized result, but with in gen-
eral di↵erent factors for di↵erent diagrams in the partonic
subprocess [22, 23]. Even if this applies to the present
case for A and B as well, actually two di↵erent func-

tions h?g(2)
1

(x) (and f

g(1)
1

(x)) will appear, corresponding
to gluon operators with the color structures fabe fcde and
dabe dcde, respectively [23, 24]. This is similar to what
happens for single transverse spin asymmetries (AN ) in
heavy quark production processes [25–29]. Because there
too two di↵erent (f and d type) gluon correlators arise,
the single-spin asymmetries in D and D̄ meson produc-
tion are found to be di↵erent. However, in the unpo-
larized scattering case considered in this letter the situ-
ation is simpler, since only one operator contributes or
dominates. In the �

⇤

g ! QQ̄ subprocess only the ma-
trix element with the f f -structure appears, while in the
g g ! QQ̄ subprocess relevant for hadron-hadron colli-
sions the d d-structure dominates (the ff -contribution is
suppressed by 1/N2). A side remark on pT broadening
[30–32]: because of the two di↵erent four-gluon opera-

tors for fg(1)
1

(x) we expect the broadening �p

2

T in SIDIS,
(�p

2

T )DIS

⌘ hp2T ieA �hp2T iep, to be di↵erent from the one
in hadron-hadron collisions, (�p

2

T )hh ⌘ hp2T ipA � hp2T ipp.
In case weighting does allow for factorized expres-

sions, we present here the relevant expressions for B =
Bqq̄!Q ¯Q + (M2

Q/M
2

?

)Bgg!Q ¯Q, where

Bqq̄!Q ¯Q =
N

2 � 1

N

2

z

2(1� z)2
 
1� M

2

Q

M

2

?

!

⇥

Hqq̄(x

1

, x

2

, q2

T ) +Hq̄q(x
1

, x

2

, q2

T )

�
,

Bgg!Q ¯Q =
N

N

2 � 1
B
1

Hgg(x
1

, x

2

, q2

T ) , (8)
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FIG. 1: Examples of subprocesses contributing to the cos 2�
asymmetries in e p ! e0 QQ̄X and p p ! QQ̄X, respec-
tively. As the helicities of the photons and gluons indicate,
the latter process requires helicity flip in quark propagators
resulting in an M2

Q/M
2
?

factor.
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.. and why would you do that ?

49

unpolarized TMD PDF:
- test of factorization formalism

- improve our description of qT spectra (e.g. at W at LHC)
- baseline to extract polarized TMDs from asymmetries

collinear twist 3 PDF e(x):
- insights in quark-gluon-quark correlations

- scalar charge of the nucleon
- nucleon sigma term ?

T-odd Boer-Mulders and Sivers TMD PDFs:
- rigorous tests of the symmetry properties of QCD

(sign change between SIDIS and Drell-Yan)

transversity (TMD) PDF:
- access to the tensor charge of the nucleon

- window on BSM physics
- also accessible in inclusive DIS ?

collinear (?) spin-1 function:
- another rigorous test of QCD symmetries

- T-odd effects in spin-1 hadrons

f1

e

h?
1 , f?

1T

h1

h1LT
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Airapetian et al., PRD87 (2013)

HERMES, Q ≈ 1.5 GeV

where !Ng ¼ !! !Nr ¼ !!ð !ng þ !niÞ is used. The covariance
from the "no and " !!ni terms between bins k and l is
!!k !nkl þ !!l !nlk.
The ratio, Rg, of "

2N0
g to "

2Ngð¼ !NgÞ is the variance of
the model relative to the variance of only the produced
events. Figure 6 shows both the ratio and the scaling
correction factor as functions of PT. In the low PT bins,
!no and !ni are separately much larger than !ng. Their effects
are significant as Rg ¼ !!þ !no= !Ng.

For the uncertainty evaluations, the cross section is
rewritten as "# ¼ !!Nr=ðLA0Þ, where A0 % !!A & $. The
uncertainty on L is systematic and is considered sepa-
rately. Thus, the fractional uncertainty on "# is a combi-
nation of the fractional uncertainty of !!Nr and A0. The
fractional uncertainty of !!Nr is defined as the uncertainty
of !!Nr from the model ("NgÞ) divided by !! !Nrð¼ !NgÞ. The
correlation of these fractional uncertainties between PT

bins l and k is given by the fractional covariance matrix:
!Vlk=ð !Ngl

!NgkÞ, where !Vlk is the covariance matrix of the
model, and !Ngl and !Ngk are the !Ng of bin l and k, respec-
tively. The small acceptance fractional uncertainties are
added in quadrature to the diagonal part of the fractional
covariance matrix. The measured cross sections are used to
convert the unitless fractional matrix into units of cross
section squared, and this matrix is used to propagate
uncertainties for the total cross-section measurement
and for the comparison of a prediction with the measured
cross section.

C. Systematic uncertainties

The largest source of uncertainty is the effective inte-
grated luminosity, L. It has an overall uncertainty of 5.8%
that consists of a 4% uncertainty of the acceptance of the
gas Cherenkov luminosity detector [24] to p !p inelastic
collisions and a 4.2% measurement uncertainty. It is com-
mon to all PT bins and not explicitly included. The accep-
tance uncertainty is primarily from the uncertainty in the

beam line and detector geometry (material), and from
the uncertainty in the model of the inelastic cross section.
The inelastic cross-section model contributes 2% to the
acceptance uncertainty. The measurement uncertainty con-
tains the uncertainty of the absolute p !p inelastic cross
section.
The uncertainty on A & $ has a component from the

input electron efficiency measurements which depends
on %det and instantaneous luminosity. The simulation is
used to propagate these electron measurement uncertain-
ties into an uncertainty for the ee-pair PT and to include
correlations of the same measurements. The calculated
uncertainty is uniform and amounts to about 1% over
0<PT < 20 GeV=c. It slowly decreases at higher PT. A
large fraction of the uncertainty is due to plug-electron
measurement uncertainties. The fractional uncertainty de-
creases with PT because the fraction of plug events de-
creases. Because the same measurements are used on all
PT bins, the uncertainty is treated as fully correlated across
bins.
The calorimeter response modeling uncertainty analysis

is limited by the statistical precision of the simulated data.
At the peak of the PT distribution, the statistical uncer-
tainty is 0.3%. The variations on the central and plug
calorimeter global energy scale and resolutions tunings
allowed by the data propagate into changes of A & $ that
are no larger than its statistical uncertainty. These changes
are not independent.

D. Results

The Drell-Yan "#="PT for eþe' pairs in the Z-boson
mass region of 66–116 GeV=c2 is shown in Fig. 7 and

 (GeV/c)T Pair P-e+e
1 10 210

ρ
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R
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FIG. 6. RgðPTÞ and !!ðPTÞ. The solid histogram is Rg, the bin
variance of the uncertainty model relative to the variance of the
produced events. The abrupt drops are where the bin size
changes. The lower, dashed histogram is !!.
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FIG. 7 (color online). The "#="PT cross section versus PT.
Cross-section values are plotted at the bin center. The horizontal
bars represent the bin extent and the vertical bars are the cross-
section uncertainties. The solid (black) crosses are the data and
all uncertainties except the integrated luminosity uncertainty are
combined and plotted. The solid (red) histogram is the RESBOS

calculation. The dash-dotted (blue) bars of the PT > 25 GeV=c
region are the FEWZ2 calculation. For the calculations, only
numerical uncertainties are included but they are too small to
be visible. The inset is the PT < 25 GeV=c region with a linear
ordinate scale.

TRANSVERSE MOMENTUM CROSS SECTION OF eþe' . . . PHYSICAL REVIEW D 86, 052010 (2012)

052010-13

CDF, Q ≈ 91 GeV

Aaltonen et al., PRD86 (2012)



Need of TMD evolution
11

M
u

lt
ip

li
c

it
y

0

2

4

0

2

4

0.5 1

0

1

2

0.5 1

0

1

2

0.5 1

0

0.5

1

0.5 1

0

0.5

1

0.5 1

0

0.2

0.4

  [GeV]hP
0.5 1

0

0.2

0.4
proton
deuteron
proton
deuteron

+
π

+
π

-
π

-
π

0.2 < z < 0.30.2 < z < 0.3

0.3 < z < 0.40.3 < z < 0.4

0.4 < z < 0.60.4 < z < 0.6

0.6 < z < 0.80.6 < z < 0.8

M
u

lt
ip

li
c

it
y

0

0.2

0.4

0.6

0

0.2

0.4

0.6

0.5 1

0

0.2

0.4

0.5 1

0

0.2

0.4

0.5 1

0

0.1

0.2

0.5 1

0

0.1

0.2

0.5 1

0

0.05

0.1

  [GeV]hP
0.5 1

0

0.05

0.1 proton
deuteron
proton
deuteron

+K+K
-

K
-

K0.2 < z < 0.30.2 < z < 0.3

0.3 < z < 0.40.3 < z < 0.4

0.4 < z < 0.60.4 < z < 0.6

0.6 < z < 0.80.6 < z < 0.8

M
u

lt
ip

li
c

it
y

0

1

2

3

0

1

2

3

0

0.5

1

1.5

0

0.5

1

1.5

0

0.2

0.4

0.6

0

0.2

0.4

0.6

-110

0

0.1

0.2

0.3

Bx
-110

0

0.1

0.2

0.3 proton
deuteron
proton
deuteron

+
π

+
π

-
π

-
π

0.2 < z < 0.30.2 < z < 0.3

0.3 < z < 0.40.3 < z < 0.4

0.4 < z < 0.60.4 < z < 0.6

0.6 < z < 0.80.6 < z < 0.8

M
u

lt
ip

li
c

it
y

0

0.2

0.4

0.6

0

0.2

0.4

0.6

0

0.1

0.2

0.3

0

0.1

0.2

0.3

0

0.1

0.2

0

0.1

0.2

-110

0

0.05

0.1

Bx
-110

0

0.05

0.1 proton
deuteron
proton
deuteron

+K+K
-

K
-

K0.2 < z < 0.30.2 < z < 0.3

0.3 < z < 0.40.3 < z < 0.4

0.4 < z < 0.60.4 < z < 0.6

0.6 < z < 0.80.6 < z < 0.8

M
u

lt
ip

li
c

it
y

0

1

2

3

0

1

2

3

0

0.5

1

1.5

0

0.5

1

1.5

0

0.2

0.4

0.6

0

0.2

0.4

0.6

10

0

0.1

0.2

0.3

]2 [GeV2Q
10

0

0.1

0.2

0.3 proton
deuteron
proton
deuteron

+
π

+
π

-
π

-
π

0.2 < z < 0.30.2 < z < 0.3

0.3 < z < 0.40.3 < z < 0.4

0.4 < z < 0.60.4 < z < 0.6

0.6 < z < 0.80.6 < z < 0.8

M
u

lt
ip

li
c

it
y

0

0.2

0.4

0.6

0

0.2

0.4

0.6

0

0.1

0.2

0.3

0

0.1

0.2

0.3

0

0.1

0.2

0

0.1

0.2

10

0

0.05

0.1

]2 [GeV2Q
10

0

0.05

0.1 proton
deuteron
proton
deuteron

+K+K
-

K
-

K0.2 < z < 0.30.2 < z < 0.3

0.3 < z < 0.40.3 < z < 0.4

0.4 < z < 0.60.4 < z < 0.6

0.6 < z < 0.80.6 < z < 0.8

FIG. 8. Multiplicities of pions (left panels) and kaons (right panels) for the proton and the deuteron as a function of Ph?, xB,
and Q

2 in four z bins. Positive charge is on the left and negative charge is on the right of each panel. Uncertainties are as in
Fig. 4.

hermes

Airapetian et al., PRD87 (2013)

HERMES, Q ≈ 1.5 GeV

where !Ng ¼ !! !Nr ¼ !!ð !ng þ !niÞ is used. The covariance
from the "no and " !!ni terms between bins k and l is
!!k !nkl þ !!l !nlk.
The ratio, Rg, of "

2N0
g to "

2Ngð¼ !NgÞ is the variance of
the model relative to the variance of only the produced
events. Figure 6 shows both the ratio and the scaling
correction factor as functions of PT. In the low PT bins,
!no and !ni are separately much larger than !ng. Their effects
are significant as Rg ¼ !!þ !no= !Ng.

For the uncertainty evaluations, the cross section is
rewritten as "# ¼ !!Nr=ðLA0Þ, where A0 % !!A & $. The
uncertainty on L is systematic and is considered sepa-
rately. Thus, the fractional uncertainty on "# is a combi-
nation of the fractional uncertainty of !!Nr and A0. The
fractional uncertainty of !!Nr is defined as the uncertainty
of !!Nr from the model ("NgÞ) divided by !! !Nrð¼ !NgÞ. The
correlation of these fractional uncertainties between PT

bins l and k is given by the fractional covariance matrix:
!Vlk=ð !Ngl

!NgkÞ, where !Vlk is the covariance matrix of the
model, and !Ngl and !Ngk are the !Ng of bin l and k, respec-
tively. The small acceptance fractional uncertainties are
added in quadrature to the diagonal part of the fractional
covariance matrix. The measured cross sections are used to
convert the unitless fractional matrix into units of cross
section squared, and this matrix is used to propagate
uncertainties for the total cross-section measurement
and for the comparison of a prediction with the measured
cross section.

C. Systematic uncertainties

The largest source of uncertainty is the effective inte-
grated luminosity, L. It has an overall uncertainty of 5.8%
that consists of a 4% uncertainty of the acceptance of the
gas Cherenkov luminosity detector [24] to p !p inelastic
collisions and a 4.2% measurement uncertainty. It is com-
mon to all PT bins and not explicitly included. The accep-
tance uncertainty is primarily from the uncertainty in the

beam line and detector geometry (material), and from
the uncertainty in the model of the inelastic cross section.
The inelastic cross-section model contributes 2% to the
acceptance uncertainty. The measurement uncertainty con-
tains the uncertainty of the absolute p !p inelastic cross
section.
The uncertainty on A & $ has a component from the

input electron efficiency measurements which depends
on %det and instantaneous luminosity. The simulation is
used to propagate these electron measurement uncertain-
ties into an uncertainty for the ee-pair PT and to include
correlations of the same measurements. The calculated
uncertainty is uniform and amounts to about 1% over
0<PT < 20 GeV=c. It slowly decreases at higher PT. A
large fraction of the uncertainty is due to plug-electron
measurement uncertainties. The fractional uncertainty de-
creases with PT because the fraction of plug events de-
creases. Because the same measurements are used on all
PT bins, the uncertainty is treated as fully correlated across
bins.
The calorimeter response modeling uncertainty analysis

is limited by the statistical precision of the simulated data.
At the peak of the PT distribution, the statistical uncer-
tainty is 0.3%. The variations on the central and plug
calorimeter global energy scale and resolutions tunings
allowed by the data propagate into changes of A & $ that
are no larger than its statistical uncertainty. These changes
are not independent.

D. Results

The Drell-Yan "#="PT for eþe' pairs in the Z-boson
mass region of 66–116 GeV=c2 is shown in Fig. 7 and
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FIG. 6. RgðPTÞ and !!ðPTÞ. The solid histogram is Rg, the bin
variance of the uncertainty model relative to the variance of the
produced events. The abrupt drops are where the bin size
changes. The lower, dashed histogram is !!.
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FIG. 7 (color online). The "#="PT cross section versus PT.
Cross-section values are plotted at the bin center. The horizontal
bars represent the bin extent and the vertical bars are the cross-
section uncertainties. The solid (black) crosses are the data and
all uncertainties except the integrated luminosity uncertainty are
combined and plotted. The solid (red) histogram is the RESBOS

calculation. The dash-dotted (blue) bars of the PT > 25 GeV=c
region are the FEWZ2 calculation. For the calculations, only
numerical uncertainties are included but they are too small to
be visible. The inset is the PT < 25 GeV=c region with a linear
ordinate scale.
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Width of TMDs changes of one order of magnitude: 
we can we explain this with TMD evolution
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W pT & mass
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Observable sensitive to the W mass are:

* the lepton pT distribution  (very sensitive to the treatment of W pT distribution)

* the transverse mass, defined as

(less sensitive to W pT distribution, due to its high sensitivity to detector effects)

mT =

q
2 p`T p⌫T (1� cos(�` � �⌫))

The W pT spectrum is sensitive to:

* perturbative and non-perturbative parts of TMDs

in particular the flavor decomposition of the TMDs in the transverse momentum 
has not been taken into account yet!

see:  S. Camarda - Measurement of the W mass with ATLAS - EPS 2017
G. Bozzi - Flavor dependent effects on the determination of mW (INT 17-68W)



Nonperturbative effects
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d�Z/W±

dqT
⇠ FT

X

i,j

exp

�
� gij b2T

 gij ⇠ hk2T ii + hk2T ij + soft gluons

gij	
  :	
  determined	
  by	
  2	
  TMD	
  PDFs	
  
affects	
  the	
  position	
  of	
  the	
  peak

P.	
  Nadolsky	
  -­‐	
  10.1063/1.1896698

AS	
  -­‐	
  PhD	
  thesis

http://inspirehep.net/record/666900
http://inspirehep.net/record/666900
https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf
https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf


Uncertainties: peak
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AS	
  -­‐	
  PhD	
  thesis

anticorrelated	
  shifts	
  for	
  W±,	
  which	
  keep	
  the	
  Z	
  peak	
  unchanged

the flavor dependence of the intrinsic partonic transverse momentum is 
inspired to the results in 10.1007/JHEP11(2013)194 (AS et al.) 

https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf
https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf
http://dx.doi.org/10.1007/JHEP11%282013%29194
http://dx.doi.org/10.1007/JHEP11%282013%29194

