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In questo manuale sono illustrate 
le regole base per la corretta 
applicazione del marchio 
Università di Pavia. 
Il logo, i caratteri tipografici e i colori 
scelti sono infatti gli elementi 
che partecipano alla costruzione 
dell’identità visiva di qualsiasi attore 
che voglia presentarsi al mercato, 
sia esso un prodotto mass market, 
un’Istituzione o un ateneo. 
Sono il suo volto commerciale ma 
anche istituzionale, quello che 
permetterà all’Università di Pavia di 
essere riconoscibile nel tempo 
agli occhi del suo pubblico interno, 
ma anche esterno. 
Proprio per il ruolo centrale  
che rivestono, tali elementi devono 
essere rappresentati e utilizzati 

secondo regole precise e inderogabili, 
al fine di garantire la coerenza e 
l’efficacia dell’intero sistema di identità 
visiva. Per questo è importante che il 
manuale, nella sua forma cartacea 
o digitale, venga trasmesso a tutti 
coloro che in futuro si occuperanno 
di progettare elementi di 
comunicazione per l’Università di 
Pavia.
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Unpolarised quark TMDs: 

extraction, problems and prospects



Part 1

Unpolarised quark TMD:


past, present and future of an almost-global fit
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Drell-Yan processes and Z production
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A selection of results

Framework HERMES COMPASS DY Z 
production N of points

KN 2006  
 hep-ph/0506225 LO-NLL ✘ ✘ ✔ ✔ 98

Pavia 2013 
(+Amsterdam, Bilbao) 

 arXiv:1309.3507
No evolution ✔ ✘ ✘ ✘ 1538

Torino 2014  
(+JLab) 

 arXiv:1312.6261
No evolution ✔  

(separately)
✔  

(separately) ✘ ✘
576 (H) 
6284 (C)

DEMS 2014 
arXiv:1407.3311  NLO-NNLL ✘ ✘ ✔ ✔ 223

EIKV 2014  
 arXiv:1401.5078   LO-NLL 1 (x,Q2) bin 1 (x,Q2) bin ✔ ✔ 500 (?)

Pavia 2017 
arXiv:1703.10157 LO-NLL ✔ ✔ ✔ ✔ 8059

SV 2017 
arXiv:1706.01473 NNLO-NNLL ✘ ✘ ✔ ✔ 309

Pavia (realistically) 2019: NLO-NLL + LHC data!

http://arxiv.org/abs/hep-ph/0506225
http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1407.3311
http://arxiv.org/abs/arXiv:1401.5078
http://arxiv.org/abs/arXiv:1703.10157


SIDIS: fitting the hadron multiplicities
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formula is
ℓ(l) +N(P ) → ℓ(l′) + h(Ph) +X . (2.1)

The space-like momentum transfer is q = l − l′, with Q2 = −q2. We introduce the usual
invariants

x =
Q2

2P · q , y =
P · q
P · l , z =

P · Ph

P · q , γ =
2Mx

Q
. (2.2)

The available data refer to SIDIS hadron multiplicities, namely to the differential num-
ber of hadrons produced per corresponding inclusive DIS event. In terms of cross sections,
we define the multiplicities as

mh
N (x, z, |PhT |, Q2) =

dσhN/(dxdzd|PhT |dQ2)

dσDIS/(dxdQ2)
, (2.3)

where dσhN is the differential cross section for the SIDIS process and dσDIS is the corre-
sponding inclusive one, and where PhT is the component of Ph transverse to q (we follow
here the notation suggested in ref. [26]). In the single-photon-exchange approximation, the
multiplicities can be written as ratios of structure functions (see ref. [8] for details):

mh
N (x, z, |PhT |, Q2) =

2π |PhT |FUU,T (x, z,P 2
hT , Q

2) + 2πε|PhT |FUU,L(x, z,P 2
hT , Q

2)

FT (x,Q2) + εFL(x,Q2)
,

(2.4)
where

ε =
1− y − 1

4γ
2y2

1− y + 1
2y

2 + 1
4γ

2y2
. (2.5)

In the numerator of eq. (2.4) the structure function FXY,Z corresponds to a lepton with
polarization X scattering on a target with polarization Y by exchanging a virtual photon
in a polarization state Z. In the denominator, only the photon polarization is explicitly
written (T , L), as usually done in the literature.

The semi-inclusive cross section can be expressed in a factorized form in terms of TMDs
only in the kinematic limitsM2 ≪ Q2 and P 2

hT ≪ Q2. In these limits, the structure function
FUU,L of eq. (2.4) can be neglected [27]. The structure function FL in the denominator
contains contributions involving powers of the strong coupling constant αS at an order
that goes beyond the level reached in this analysis; hence, it will be consistently neglected
(for measurements and estimates of the FL structure function see, e.g., refs. [28, 29] and
references therein).

To express the structure functions in terms of TMD PDFs and FFs, we rely on the
factorized formula for SIDIS [2, 30–37] (see figure 1 for a graphical representation of the
involved transverse momenta):

FUU,T (x, z,P
2
hT , Q

2) =
∑

a

Ha
UU,T (Q

2) (2.6)

× x

∫
d2k⊥d

2P⊥f
a
1

(
x,k2

⊥;Q
2
)
Da⃗h1

(
z,P 2

⊥;Q
2
)
δ(2)
(
zk⊥−PhT+P⊥

)

+ YUU,T
(
Q2,P 2

hT

)
+O

(
M2/Q2

)
.

– 3 –

p
r
o
o
f
s
 
J
H
E
P
_
0
8
3
P
_
0
4
1
7

formula is
ℓ(l) +N(P ) → ℓ(l′) + h(Ph) +X . (2.1)

The space-like momentum transfer is q = l − l′, with Q2 = −q2. We introduce the usual
invariants

x =
Q2

2P · q , y =
P · q
P · l , z =

P · Ph

P · q , γ =
2Mx

Q
. (2.2)

The available data refer to SIDIS hadron multiplicities, namely to the differential num-
ber of hadrons produced per corresponding inclusive DIS event. In terms of cross sections,
we define the multiplicities as

mh
N (x, z, |PhT |, Q2) =

dσhN/(dxdzd|PhT |dQ2)

dσDIS/(dxdQ2)
, (2.3)

where dσhN is the differential cross section for the SIDIS process and dσDIS is the corre-
sponding inclusive one, and where PhT is the component of Ph transverse to q (we follow
here the notation suggested in ref. [26]). In the single-photon-exchange approximation, the
multiplicities can be written as ratios of structure functions (see ref. [8] for details):

mh
N (x, z, |PhT |, Q2) =

2π |PhT |FUU,T (x, z,P 2
hT , Q

2) + 2πε|PhT |FUU,L(x, z,P 2
hT , Q

2)

FT (x,Q2) + εFL(x,Q2)
,

(2.4)
where

ε =
1− y − 1

4γ
2y2

1− y + 1
2y

2 + 1
4γ

2y2
. (2.5)

In the numerator of eq. (2.4) the structure function FXY,Z corresponds to a lepton with
polarization X scattering on a target with polarization Y by exchanging a virtual photon
in a polarization state Z. In the denominator, only the photon polarization is explicitly
written (T , L), as usually done in the literature.

The semi-inclusive cross section can be expressed in a factorized form in terms of TMDs
only in the kinematic limitsM2 ≪ Q2 and P 2

hT ≪ Q2. In these limits, the structure function
FUU,L of eq. (2.4) can be neglected [27]. The structure function FL in the denominator
contains contributions involving powers of the strong coupling constant αS at an order
that goes beyond the level reached in this analysis; hence, it will be consistently neglected
(for measurements and estimates of the FL structure function see, e.g., refs. [28, 29] and
references therein).

To express the structure functions in terms of TMD PDFs and FFs, we rely on the
factorized formula for SIDIS [2, 30–37] (see figure 1 for a graphical representation of the
involved transverse momenta):

FUU,T (x, z,P
2
hT , Q

2) =
∑

a

Ha
UU,T (Q

2) (2.6)

× x

∫
d2k⊥d

2P⊥f
a
1

(
x,k2

⊥;Q
2
)
Da⃗h1

(
z,P 2

⊥;Q
2
)
δ(2)
(
zk⊥−PhT+P⊥

)

+ YUU,T
(
Q2,P 2

hT

)
+O

(
M2/Q2

)
.

– 3 –

M2 ≪ Q2, P2
h T ≪ Q2

h ig h er in αs

HUU,T ' O
�
↵0
s

�

YUU,T

�
Q2, P 2

hT
�
' 0

1

At present accuracy

(LO-NLL)



DY: fitting the qT distributions
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To the purpose of applying TMD evolution equations, we need to calculate the Fourier
transform of the part of eq. (2.6) involving TMDs. The structure function thus reduces to

FUU,T (x, z,P
2
hT , Q

2) ≈ 2π
∑

a

e2ax

∫ ∞

0
dξT ξTJ0

(
ξT |PhT |/z

)
f̃a
1

(
x, ξ2T ;Q

2
)
D̃a⃗h1

(
z, ξ2T ;Q

2
)
.

(2.7)
where we introduced the Fourier transforms of the TMD PDF and FF according to

f̃a
1

(
x, ξ2T ;Q

2
)
=

∫ ∞

0
d|k⊥||k⊥|J0

(
ξT |k⊥|

)
fa
1

(
x,k2

⊥;Q
2
)
, (2.8)

D̃a⃗h1

(
z, ξ2T ;Q

2
)
=

∫ ∞

0

d|P⊥|
z2

|P⊥|J0
(
ξT |P⊥|/z

)
Da⃗h1

(
z,P 2

⊥;Q
2
)
. (2.9)

2.2 Drell-Yan and Z production

In a Drell-Yan process, two hadrons A and B with momenta PA and PB collide at a center-
of-mass energy squared s = (PA + PB)2 and produce a virtual photon or a Z boson plus
hadrons. The boson decays into a lepton-antilepton pair. The reaction formula is

A(PA) +B(PB) → [γ∗/Z +X →]ℓ+(l) + ℓ−(l′) +X. (2.10)

The invariant mass of the virtual photon is Q2 = q2 with q = l + l′. We introduce the
rapidity of the virtual photon/Z boson

η =
1

2
log

(
q0 + qz
q0 − qz

)
. (2.11)

where the z direction is defined along the momentum of hadron A (see figure 2).
The cross section can be written in terms of structure functions [42, 43]. For our

purposes, we need the unpolarized cross section integrated over dΩ and over the azimuthal
angle of the virtual photon,

dσ

dQ2 dq2T dη
= σγ,Z0

(
F 1
UU +

1

2
F 2
UU

)
. (2.12)

The elementary cross sections are

σγ0 =
4π2α2

em

3Q2s
, σZ0 =

π2αem

s sin2 θW cos2 θW
BR(Z → ℓ+ℓ−)δ(Q2 −M2

Z), (2.13)

where θW is Weinberg’s angle, MZ is the mass of the Z boson, and BR(Z → ℓ+ℓ−) is the
branching ratio for the Z boson decay in two leptons. We adopted the narrow-width approx-
imation, i.e., we neglect contributions for Q2 ̸= M2

Z . We used the values sin2 θW = 0.2313,
MZ = 91.18GeV, and BR(Z → ℓ+ℓ−) = 3.366 [44]. Similarly to the SIDIS case, in the
kinematic limit q2T ≪ Q2 the structure function F 2

UU can be neglected (for measurement
and estimates of this structure function see, e.g., ref. [45] and references therein).

The longitudinal momentum fractions of the annihilating quarks can be written in
terms of rapidity in the following way

xA =
Q√
s
eη, xB =

Q√
s
e−η. (2.14)
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Figure 2. Diagram describing the relevant momenta involved in a Drell-Yan event: two partons
from two hadrons collide. They have transverse momenta k⊥A and k⊥B (not measured). They
produce a virtual photon with (measured) transverse momentum qT = k⊥A + k⊥B with respect to
the hadron collision axis.

Some experiments use the variable xF , which is connected to the other variables by the
following relations

η = sinh−1

(√
s

Q

xF
2

)
, xA =

√
Q2

s
+

x2F
4

+
xF
2
, xB = xA − xF . (2.15)

The structure function F 1
UU can be written as (see figure 2 for a graphical representation

of the involved transverse momenta)

F 1
UU (xA, xB, q

2
T , Q

2) =
∑

a

H1a
UU (Q

2) (2.16)

×
∫

d2k⊥Ad
2k⊥Bf

a
1

(
xA,k

2
⊥A;Q

2
)
f ā
1

(
xB,k

2
⊥B;Q

2
)
δ(2)
(
k⊥A−qT+k⊥B

)

+ Y 1
UU

(
Q2, q2T

)
+O

(
M2/Q2

)
.

As in the SIDIS case, in our analysis we neglect the YUU term and we consider the hard
coefficients only up to leading order in the couplings, i.e.,

H1a
UU,γ(Q

2) ≈ e2a
Nc

, H1a
UU,Z(Q

2) ≈ V 2
a +A2

a

Nc
, (2.17)

where2

Va = I3a − 2ea sin
2 θW , Aa = I3a . (2.18)

The structure function can be conveniently expressed as a Fourier transform of the
right-hand side of eq. (2.16) as

F 1
UU (xA, xB, q

2
T , Q

2) ≈ 2π
∑

a

H1a
UU

∫ ∞

0
dξT ξT J0

(
ξT |qT |

)
f̃a
1

(
xA, ξ

2
T ;Q

2
)
f̃ ā
1

(
xB, ξ

2
T ;Q

2
)
.

(2.19)
2We remind the reader that the value of weak isospin I3 is equal to +1/2 for u, c, t and −1/2 for d, s, b.
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Model: non perturbative elements

!9

weighted sum of two Gaussian 
distributions:  

same widths for TMD PDFs  
different widths for TMD FFs

Inspired by model calculations: 

Matevosyan et al.  

Phys. Rev. D85, 014021 (2012), 1111.1740

Bacchetta et al.  

Phys. Lett. B659, 234 (2008), 0707.3372

Bacchetta at al.  

Phys. Rev. D65, 094021 (2002),  
hep-ph/0201091

x̂ = 0.1

ẑ = 0.5

fa
1NP (x, k

2
?) =

1

⇡

(1 + �k2?)

g1a + �g21a
e�

k2
?

g1a

Da!h
1NP (z, P

2
?) =

1

⇡

1

g3a!h + (�F /z2)g24a!h

✓
e�

P2
?

g3a!h + �F
P 2
?
z2

e�
P2
?

g4a!h

◆

g1(x) = N1
(1� x)↵x�

(1� x̂)↵x̂�

g3,4(z) = N3,4
(z� + �)(1� z)�

(ẑ� + �)(1� ẑ)�

N1 ⌘ g1(x̂)



Model: non-perturbative evolution
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 Nonperturbative TMD evolution

Collins, Soper, Sterman, N.P. B250 (85)

choice!

0.0 0.5 1.0 1.5 2.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

b̄⇤ = bmax

 
1� e�b4T /b4max

1� e�b4T /b4min

! 1
4

b̄⇤
bmax

bT (GeV-1)

large bT → μb gets frozen → nonperturbative evolution sets in 
small bT → μb is prevented from becoming larger than Q

fq
1 (x, bT ;Q

2) =
X

i

�
Cq/i ⌦ f i

1

�
(x, b⇤;µb) e

S(b⇤;µb,Q) egK(bT ) log Q
Q0 fq

NP(x, bT ;Q
2
0)

Q=2 GeV

Q=5 GeV

Q=20 GeV

original choice: the CSS scheme b⇤ =
bTp

1 + b2T /b
2
max

other choices: Bacchetta et al., JHEP 1511 (15) 076

b⇤[bc(bT )] Collins et al., arXiv:1605.00671

µb = Q0 + qT
b⇤ = bT

D’Alesio et al.,  
JHEP 1411 (14)

µb =
C1

b̄⇤

C1 = 2 e��E bmax = C1 bmin =
C1

Q

bmax , bT ! +1

bmin , bT ! 0

b̂(bT ; bmin, bmax) = bmax

✓
1� e�b4T /b4max

1� e�b4T /b4min

◆

gK(bT ; g2) = �g2
b2T
2

b̂T

Large bt correction to evolution

(other functional forms to be 

explored)

Regularization needed to recover 
the cross section integrated 

over qT in collinear factorization.


Crucial from the theory point of 
view and for the phenomenology 

of SIDIS (low Q)

avoid Landau pole

recover collinear fact.

Model: bT-integration

There are 11 free parameters  
in a flavor independent 

scenario 

bmin=2e-gammaE, bmax=2e-gammaE/Q



Experimental data

SIDIS μN

CDF

Z Production

hermes

SIDIS eN
1514

data points
6252

data points

1514data points151415141514

90
data points

Total: 8059 data points
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E288 

E605

Drell-Yan
203

data points

March 2018: 2124 new data points—> fit in progress!



Work in progress!
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7 TeV

8 TeV

7 TeV

8 TeV

7 TeV

8 TeV


13 TeV

pp ! Z0/�
⇤ ! (µ+ + µ�/e+ + e�)

qq̄ ! Z0/�
⇤ +X

pp ! Z0 ! µ+ + µ�



Distribution of data

Adolph et al., EPJ C73 (13)

Airapetian et al., PRD87 (2013)

Abbot et al. hep-ex/9909020 

Affolder et al. hep-ex/0001021 

Abazov et al. arXiv:0712.0803 

Aaltonen et al. arXiv:1207.7138 

Ito et al., PRD93 (81) 

Moreno et al. PRD 43 (91) 

Antreyan et al. PRL47 (81)
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Data selection: SIDIS
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TMD factorization  
(PhT2/z2 << Q2)

avoid target fragmentation  
(low z)


and exclusive contributions 
(high z)

Problem with normalization 
in the previous release

9

GeV. The specific values of the terms are chosen to maximize the goodness of the fit procedure and not to exclude
too many data points All these choices are summarized in Tabs. I and II.

C. Low-energy Drell-Yan data

We analyze Drell-Yan events collected by fixed-target experimets at low-energy. These data set have been considered
also in previous works, e.g. [64]. We use data from E288 [65] measured at

p
s = 19.4, 23.8 and 27.4 GeV2, denoted

with the label “200”, “300” and “400” respectively. AS: why these numbers? We also include data from E605 [66] atp
s = 38.8 GeV2.
The explored Q values are higher compared to the SIDIS case, see Tab. III. E288 provides data at fixed rapidity,

whereas E605 explores a range of values for xF (see (14)). As discussed for SIDIS data, we can apply TMD factorization
if ⇤2

QCD ⌧ q2T ⌧ Q2, where qT is the transverse momentum of the intermediate electroweak boson, reconstructed
from the kinematics of the final state leptons. As done for SIDIS, we choose qT < 0.2 Q+0.5 GeV. Again, the values
of the coe�cients are chosen to maximize the goodness of the fit and to not exclude too many points.

D. Z-boson production data

In order to reach higher Q and qT values, we also consider Z boson production in collider experiments at Tevatron.
We analyze data from CDF and D0, collected during Tevatron Run I [67, 68] at

p
s = 1.8 TeV and Run II [69, 70]

at
p
s = 1.96 TeV. The invariant mass distribution peaks at the Z-pole, Q = MZ , while the transverse momentum

of the exchanged Z ranges in 0 < qT < 20 GeV. We use the same kinematic condition applied to Drell-yan events:
qT < 0.2 Q+ 0.5 GeV = 18.7 GeV, since Q is fixed to MZ .

The observable is d�/dqT , apart from the case of D0 Run II, for which the published data refer to 1/� ⇥ d�/dqT .
In order to work with the same observable in all the cases considered, we multiply the D0-Run II data by the total
cross section of the process �exp = 255.8± 16 pb [70]. in this case, we add in quadrature the uncertainties of the total
cross section and of the published data.

We normalize our functional form with factors listed in Tab. IV. These are the same normalization factors used
in [64] to fit Z boson production and di↵er from the experimental ones.

HERMES HERMES HERMES HERMES

p ! ⇡+ p ! ⇡� p ! K+ p ! K�

Reference [61]

Cuts

Q2 > 1.4 GeV2

0.2 < z < 0.7

PhT < Min[0.2 Q, 0.7 Qz] + 0.5 GeV

Points 190 190 189 187

Max. Q2 9.2 GeV2

x range 0.06 < x < 0.4

TABLE I: Semi-inclusive DIS proton-target data (Hermes experiment).

E. The replica method

AS: I edited a bit the text, but some overlap remains in this section with the text in [23].
In this section we describe the replica method and we give a definition of the �2 function minimized by the fit

procedure. The fit and the error analysis were carried out using a similar Monte Carlo approach as in Ref. [23, 71, 72]
and taking inspiration from the work of the Neural-Network PDF (NNPDF) collaboration (see, e.g., [73–75]). The
approach consists in creating M replicas of the data points. In each replica (denoted by the index r), each data point
i is shifted by a Gaussian noise with the same variance as the measurement. Each replica, therefore, represents a
possible outcome of an independent experimental measurement, which we denote by mh

N,r(x, z,P
2
hT , Q

2). The number

4

HERMES HERMES HERMES HERMES COMPASS COMPASS

D ! ⇡+ D ! ⇡� D ! K+ D ! K� D ! h+ D ! h�

Reference

Cuts

Q2 > 1.4 GeV2

0.2 < z < 0.7

PhT < Min[0.2 Q, 0.6 Qz] + 0.5 GeV

Points 188 188 186 187 3024 3021

Max. Q2 9.2 GeV2 10 GeV2

x range 0.06 < x < 0.4 0.006 < x < 0.12

Notes Observable:
mh

N (x, z, P 2
hT , Q2)

mh
N (x, z, Min[P 2

hT ], Q2)

�2/points

TABLE II: Semi-inclusive DIS deuteron-target data

E288 200 E288 300 E288 400 E605

Reference [? ] [? ] [? ] [? ]

Cuts qT < 0.2 Q + 0.5 GeV

Points 45 45 78 35
p

s 19.4 GeV 23.8 GeV 27.4 GeV 38.8 GeV

Q range 4-9 GeV 4-9 GeV 5-9, 11-14 GeV 7-9, 10.5-18 GeV

Kin. var. y=0.4 y=0.21 y=0.03 �0.1 < xF < 0.2

�2/points 0.52 0.98 0.68 0.68

TABLE III: Drell-Yan data

CDF Run I D0 Run I CDF Run II D0 Run II

Reference [? ] [? ] [? ] [? ]

Cuts qT < 0.2 Q + 0.5 GeV = 18.7 GeV

Points 31 14 37 8
p

s 1.8 TeV 1.8 TeV 1.96 TeV 1.96 TeV

Normalization 1.114 0.992 1.049 1.048

�2/points 0.52 0.98 0.68 0.68

TABLE IV: Z-production data

Points bmax

˙
k̂2
?

¸
↵ � g2

(fixed) [GeV2] (random) [GeV2]

8156 2e��E /GeV 0.34± 0.01 5.0± 1.0 0.25± 0.01 0.13± 0.01

�2 bmin

˙
P̂ 2
?

¸
� � �

(fixed) [GeV2]

12100 2e��E /Q 0.20± 0.01 2.7± 0.1 3.4± 0.1 0.041± 0.004

TABLE V: 68% confidence intervals of best-fit parameters for TMD PDFs.
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TABLE IV: Z-production data

Points bmax
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Drell-Yan
data

Z production
data
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An almost-global fit
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Framework HERMES COMPASS DY Z 
production N of points

Pavia 2017 
arXiv:1703.10157 LO-NLL ✔ ✔ ✔ ✔ 8059

PROs CONs

almost a global fit of quark unpolarized TMDs

beyond Gaussian assumption for intrinsic kT

includes TMD evolution

replica (bootstrap) fitting methodology

kinematic dependence for intrinsic kT

no “pure” info on TMD FFs (would need e+ e- data)

accuracy of TMD evolution: not the state of the art*

only “low” qT (no fixed order and Y-term)*

no flavor dependence**

* working on it!
** thinking about working on it!

http://arxiv.org/abs/arXiv:1703.10157


Agreement data-theory
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Hermes P/D into π+:  
problems at low z
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HERMES HERMES HERMES HERMES

p ! ⇡+ p ! ⇡� p ! K+ p ! K�

Points 190 190 189 187

�2/points 4.83 2.47 0.91 0.82

TABLE VI: Number of points analyzed and �2 values for SIDIS o↵ a proton target.

Fixing the target and comparing pion and kaon production at Hermes , we see that the �2 for kaons is in general
lower than for pions. This is because the theoretical uncertainty for Da!K

1 is larger than the one for Da!⇡
1 [23, 76],

even if the experimental uncertainties are in general smaller for kaons.
SIDIS at Compass involves scattering o↵ deuteron only, D ! h±, and we identify h ⌘ ⇡. The quality of the

agreement between theory and Compass data is better than in the case of pion production at Hermes . This
depends on at least two factors. First: the fit is essentially driven by the Compass data, since the number of points
in Compass is much higher than in Hermes . Moreover, the observable that we fit for the case of Compass is the
normalized multiplicity, defined in (38). This automatically eliminates any possible tension between theory and data
due to normalization e↵ects.

HERMES HERMES HERMES HERMES COMPASS COMPASS

D ! ⇡+ D ! ⇡� D ! K+ D ! K� D ! h+ D ! h�

Points 190 190 189 189 3125 3127

�2/points 3.46 2.00 1.31 2.54 1.11 1.61

TABLE VII: Number of points analyzed and �2 values for SIDIS o↵ a deuteron target.

Fig. 1 presents the agreement between the theoretical formula in (3) and the Hermes multiplicities for production
of pions o↵ a proton and a deuteron. Di↵erent hxi, hzi and hQ2i bins are displayed as a funciton of the transverse
momentum of the dected hadron PhT . The grey bands are an envelope of the 200 replica of best-fit curves. For every
point in PhT we apply a 68% C.L. selection criterion. Points marked with di↵erent symbols and colors correspond
to di↵erent hzi values. There is a strong correlation between hxi and hQ2i that does not allow to explore x and
Q2 dependence of the TMDs separetely. We notice that the agreement tends to improve as we move to higher Q2

values, where the kinematic approximations of factorization are more reliable. Moreover, for fixed PhT and Q2, the
agreement is in general better at higher z values, which also resembles the kinematic condition PhT /z . Q for TMD
factorization.

Fig. 2 has same content and notation as in Fig. 1 but for kaons in the final state. Here we notice that the agreement
at low z tends to be better than in the previous case of pion production.

In Fig. 3 we present Compass normalized multiplicities (see (38)) for production of ⇡� o↵ a deuteron for di↵erent
hxi, hzi, and hQ2i bins as a funciton of the transverse momentum of the dected hadron PhT . The circle around the
first PhT point in each panel indicates that the first value is fixed and not fitted. The correlation between x and
Q2 is less strong than at Hermes and this allows to study di↵erent hxi bins at fixed hQ2i. For the highest Q2 the
agreement is good for all hxi, hzi and P 2

hT . In bins at lower Q2, the descriptions is degraded and gets worse especially
as z increases, contrary to Hermes data. For fixed hQ2i and high hzi, a good agreement is recovered moving to higher
hxi bins.

Fig. 4 has same content and notation as in Fig. 3 and the same comments on the agreement between theory and
the data apply.

Drell-Yan processes

The low energy Drell-Yan data collected by the E288 and E605 experiments at Fermilab have large error bands (see
Fig. 5). This is why the �2 values in Tab. VIII are rather low compared to the other data sets.

The agreement is also good for Z boson production, see Tab. IX. The statistics from Run-II is higher, which
generates smaller experimental uncertainties and higher �2, especially for the CDF experiment.
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Q2 dependence of the TMDs separetely. We notice that the agreement tends to improve as we move to higher Q2

values, where the kinematic approximations of factorization are more reliable. Moreover, for fixed PhT and Q2, the
agreement is in general better at higher z values, which also resembles the kinematic condition PhT /z . Q for TMD
factorization.

Fig. 2 has same content and notation as in Fig. 1 but for kaons in the final state. Here we notice that the agreement
at low z tends to be better than in the previous case of pion production.

In Fig. 3 we present Compass normalized multiplicities (see (38)) for production of ⇡� o↵ a deuteron for di↵erent
hxi, hzi, and hQ2i bins as a funciton of the transverse momentum of the dected hadron PhT . The circle around the
first PhT point in each panel indicates that the first value is fixed and not fitted. The correlation between x and
Q2 is less strong than at Hermes and this allows to study di↵erent hxi bins at fixed hQ2i. For the highest Q2 the
agreement is good for all hxi, hzi and P 2

hT . In bins at lower Q2, the descriptions is degraded and gets worse especially
as z increases, contrary to Hermes data. For fixed hQ2i and high hzi, a good agreement is recovered moving to higher
hxi bins.

Fig. 4 has same content and notation as in Fig. 3 and the same comments on the agreement between theory and
the data apply.

Drell-Yan processes

The low energy Drell-Yan data collected by the E288 and E605 experiments at Fermilab have large error bands (see
Fig. 5). This is why the �2 values in Tab. VIII are rather low compared to the other data sets.

The agreement is also good for Z boson production, see Tab. IX. The statistics from Run-II is higher, which
generates smaller experimental uncertainties and higher �2, especially for the CDF experiment.
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E288 [200] E288 [300] E288 [400] E605

Points 45 45 78 35

�2/points 0.99 0.84 0.32 1.12

TABLE VIII: Number of points analyzed and �2 values for fixed-target Drell-Yan experiments at low energy. The labels in
square brackets were introduced in Sec. III C.

CDF Run I D0 Run I CDF Run II D0 Run II

Points 31 14 37 8

�2/points 1.36 1.11 2.00 1.73

TABLE IX: Number of points analyzed and �2 values for Z boson production at Tevatron.

FIG. 5: Drell-Yan di↵erential cross section for di↵erent experiments and di↵erent values of
p
s and for di↵erent hQi bins. For

clarity, each hQi bin has been shifted by an o↵set indicated in the legend. AS: is the cross section di↵erential in Q2 and rapidity
⌘ (or y?) “Normalized”=?

B. Transverse momentum dependence at 1 GeV

The variables ⇣min and ⇣max delimit the range in bT where transverse momentum resummation is computed per-
turbatively. ⇣max allows to avoid the Landau pole and ⇣min allows to recover correctly the high transverse momentum
limit of the cross section (see also Sec. II C). The parameter g2 which enters the nonperturbative Sudakov exponent
quantifies the amount of soft gluons radiated. As already detailed in Sec. II C, in this work we fix the value for ⇣min

and ⇣max in such a way that at Q = 1 GeV the unpolarized TMDs coincide with their nonperturbative input. g2,
instead, is a fit parameter.

Tab. X summarizes the chosen values of ⇣min, ⇣max and the best-fit value for g2. The latter is given as an average
with 68% C.L. uncertainty computed over the set of 200 replicas. A similar value (g2 = 0.184 ± 0.018) was found
in [52]. We stress here that a prescription involving both ⇣min and ⇣max is equivalent to request µ2

b̄⇤
< Q2 ⌘ µ2 for
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in [52]. We stress here that a prescription involving both ⇣min and ⇣max is equivalent to request µ2

b̄⇤
< Q2 ⌘ µ2 for
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from the plots in [76]; they represents the only source of uncertainty in �mh
N,theo (we neglected contributions from

PDF uncertainties, since they are typically much smaller). Statistical and systematical experimental uncertainties
�mh

N,stat and �mh
N,sys are taken from the experimental collaborations. No error correlations are taken into account.

Minuit minimizes the error function in (39) with respect to the vector of parameters {p}. The final outcome is a
set of M di↵erent vectors of best-fit parameters, {p0r}, r = 1, . . .M, with which we can calculate any observable, its
mean, and its standard deviation. The distribution of these values needs not to be necessarily Gaussian. In fact, in
this case the 1� confidence interval is di↵erent from the 68% interval. The latter can simply be computed for each
experimental point by rejecting the largest and the lowest 16% of the M values.

Although the minimization is performed on the function defined in (39), the agreement of the M replicas with the
original data is better expressed in terms of a �2 function defined as in (39) but with the replacement mh

N,r ! mh
N ,

i.e., with respect to the original data set. If the model is able to give a good description of the data, the distribution
of the M values of �2/d.o.f. should be peaked around one.

IV. RESULTS

AS: Filippo, can you please check the final plots? I can’t run the notebooks in Dropbox because of a problem with
Mathematica.

In the following we detail the results of a fit to the data sets described in Sec. III with a a flavor-independent
configuration for the transverse momentum dependence of unpolarized TMDs. In Tab. V we present the total �2.
The number of degrees of freedom (d.o.f.) is given by the number of data points analyzed reduced by the number of
free parameters in the error function. The overall quality of the fit is good, with a global �2/d.o.f. = 1.55 ± 0.05.
Uncertainties are computed as the 68% confidence level (C.L.) from the replica methodology.

Points Parameters �2 �2/d.o.f.

8059 11 12629± 363 1.55± 0.05

TABLE V: Total number of points analyzed, number of free parameters and �2 values.

A. Agreement between data and theory

The partition of the global �2 among SIDIS o↵ proton, SIDIS o↵ deuteron, Drell-Yan and Z production events is
given in Tab. VI, VII, VIII, IX respectively.

Semi-inclusive DIS

For SIDIS at Hermes o↵ a proton, events with a kaon in the final state have in general a lower �2. This is due to
the large uncertainties for the kaon FFs. The major contribution to the �2 comes from events with a ⇡+ in the final
state. In [23, 77] a poor agreement between experiment and theory (which relies on the DSS parametrization [59] for
collinear FFs) at the level of the collinear multiplicities a↵ected the quality of the fit, especially for ⇡±. Instead, in
this work we use a newer parametrization of the collinear FFs (DSEHS [58]), based on a fit which includes Hermes

collinear pion multiplicities. This significantly improves the agreement at the collinear level with respect to [23, 77].
The poor �2 for ⇡± production o↵ a proton at Hermes is mainly due to a bad agreement in the TMD multiplciities
at low z values (see the first two blocks from the top in Fig. 1). For kaon production o↵ the proton at Hermes the
agreement at low z is better than for the pions (see the first two blocks from the top in Fig. 2), which, combined with
larger uncertainties, results in lower �2.

For SIDIS at Hermes o↵ a deuteron, the situation is slightly di↵erent with respect to the proton case. For pion
production the �2 is lower with respect to the scattering o↵ a proton because the experimental uncertainties for
D ! ⇡± are slightly larger than for p ! ⇡± (compare the first two blocks from the top with the last two ones in
Fig. 1). On the contrary, for kaon production the �2 is higher with respect to the scattering o↵ a proton because the
experimental uncertainties for D ! K± are slightly smaller than for p ! K± (compare the first two blocks from the
top with the last two ones in Fig. 2).

Flavor independent configuration

11 parameters

Hermes kaons better than pions: 
larger uncertainties from FFs

Compass : better agreement due to

#points and normalization

Stay tuned for LHC data and NLO-NLL
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Flavor independent scenario

Inclusion of DY/Z diminishes the correlation

Red/orange regions : 68% CL from replica method

Inclusion of Compass increases the     
 and reduces its spread

e+e- would further reduce the correlation

Caveat for comparisons : 
NP effects (as the intrinsic momentum) always 

depend on the accuracy 
of the perturbative part ;

determined as observed - calculable

hP 2
?i

Bacchetta, Delcarro, Pisano, Radici, Signori  JHEP06(2017)081

Red/orange regions: 68% CL from replica method

Inclusion of DY/Z diminishes the correlation

Inclusion of Compass increases the            and reduces its spread

e+e- would further reduce the correlation

hP 2
?i

!18
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TMD PDF

TMD FF

!19

x-dependence width

(Q2=1GeV2)

hk2?i(x) =
R
d2k? k2? fa

1 (x, k
2
?, Q = 1 GeV)R

d2k? fa
1 (x, k

2
?, Q = 1 GeV)

hP 2
?i(z) =

R
d2P? P 2

? Da!h
1 (z, P 2

?, Q = 1 GeV)R
d2P? Da!h

1 (z, P 2
?, Q = 1 GeV)



Best χ2/dof = 1.55 

If we


• normalize HERMES data as we did for COMPASS: χ2/dof = 1.27 

• change collinear PDFs: w.r.t to NLO GJR 2008 default choice:

NLO MSTW 2008 (χ2/dof = 1.84), NLO CJ12 (χ2/dof = 1.85)


• choose more stringent cuts (deeper into TMD factorization region): 

Q2 > 1.5 GeV2; 0.25 < z < 0.6; PhT < 0.2Qz ⇒ χ2/dof = 1.02 (477 bins)

Stability of the results

!20



Conclusions and open issues

First global extraction of TMDs from SIDIS, DY and Z boson

Test of the universality and evolution formalism of partonic TMDs

Definition of a parametrization of TMDs from 8000 data points

!21Additional data

Flexible code

Higher accuracy

FUTURE

DEVELOPMENT



Part 2

Stumbling into unexpected problems: 


Drell-Yan at low Q2 and high qT



Low-energy Drell-Yan data
Experiment Reaction Year TMD 

fits
PDF 
fits

R209 p-p 1981 ✔ ✘

E288 p-Cu(Pt) 1981 ✔ ✘

E605 p-Cu 1991 ✔ ✔

E866 p-p(d) 2003 ✘ ✔

E615 pi-W 1989 ✘ ✔
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20GeV .
p
s . 60GeV
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Transverse momentum of Drell-Yan pairs 
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<latexit sha1_base64="57t6pPSlFa85QR6aFPlXEbOfpxM=">AAACDHicbVDLSgMxFM34rPVVdekmWARBLTMi6LLoxmUF+4DOtGTSTBuaSUKSUcowH+DGX3HjQhG3foA7/8ZM24W2HggczjmXm3tCyag2rvvtLCwuLa+sFtaK6xubW9ulnd2GFonCpI4FE6oVIk0Y5aRuqGGkJRVBcchIMxxe537znihNBb8zI0mCGPU5jShGxkrdUln6JxL6ivYHBiklHqAfJ7CTHmc56aSnGWzZlFtxx4DzxJuSMpii1i19+T2Bk5hwgxnSuu250gQpUoZiRrKin2giER6iPmlbylFMdJCOj8ngoVV6MBLKPm7gWP09kaJY61Ec2mSMzEDPern4n9dOTHQZpJTLxBCOJ4uihEEjYN4M7FFFsGEjSxBW1P4V4gFSCBvbX9GW4M2ePE8aZxXPrXi35+Xq1bSOAtgHB+AIeOACVMENqIE6wOARPINX8OY8OS/Ou/MxiS4405k98AfO5w9otpqO</latexit><latexit sha1_base64="57t6pPSlFa85QR6aFPlXEbOfpxM=">AAACDHicbVDLSgMxFM34rPVVdekmWARBLTMi6LLoxmUF+4DOtGTSTBuaSUKSUcowH+DGX3HjQhG3foA7/8ZM24W2HggczjmXm3tCyag2rvvtLCwuLa+sFtaK6xubW9ulnd2GFonCpI4FE6oVIk0Y5aRuqGGkJRVBcchIMxxe537znihNBb8zI0mCGPU5jShGxkrdUln6JxL6ivYHBiklHqAfJ7CTHmc56aSnGWzZlFtxx4DzxJuSMpii1i19+T2Bk5hwgxnSuu250gQpUoZiRrKin2giER6iPmlbylFMdJCOj8ngoVV6MBLKPm7gWP09kaJY61Ec2mSMzEDPern4n9dOTHQZpJTLxBCOJ4uihEEjYN4M7FFFsGEjSxBW1P4V4gFSCBvbX9GW4M2ePE8aZxXPrXi35+Xq1bSOAtgHB+AIeOACVMENqIE6wOARPINX8OY8OS/Ou/MxiS4405k98AfO5w9otpqO</latexit><latexit sha1_base64="57t6pPSlFa85QR6aFPlXEbOfpxM=">AAACDHicbVDLSgMxFM34rPVVdekmWARBLTMi6LLoxmUF+4DOtGTSTBuaSUKSUcowH+DGX3HjQhG3foA7/8ZM24W2HggczjmXm3tCyag2rvvtLCwuLa+sFtaK6xubW9ulnd2GFonCpI4FE6oVIk0Y5aRuqGGkJRVBcchIMxxe537znihNBb8zI0mCGPU5jShGxkrdUln6JxL6ivYHBiklHqAfJ7CTHmc56aSnGWzZlFtxx4DzxJuSMpii1i19+T2Bk5hwgxnSuu250gQpUoZiRrKin2giER6iPmlbylFMdJCOj8ngoVV6MBLKPm7gWP09kaJY61Ec2mSMzEDPern4n9dOTHQZpJTLxBCOJ4uihEEjYN4M7FFFsGEjSxBW1P4V4gFSCBvbX9GW4M2ePE8aZxXPrXi35+Xq1bSOAtgHB+AIeOACVMENqIE6wOARPINX8OY8OS/Ou/MxiS4405k98AfO5w9otpqO</latexit><latexit sha1_base64="57t6pPSlFa85QR6aFPlXEbOfpxM=">AAACDHicbVDLSgMxFM34rPVVdekmWARBLTMi6LLoxmUF+4DOtGTSTBuaSUKSUcowH+DGX3HjQhG3foA7/8ZM24W2HggczjmXm3tCyag2rvvtLCwuLa+sFtaK6xubW9ulnd2GFonCpI4FE6oVIk0Y5aRuqGGkJRVBcchIMxxe537znihNBb8zI0mCGPU5jShGxkrdUln6JxL6ivYHBiklHqAfJ7CTHmc56aSnGWzZlFtxx4DzxJuSMpii1i19+T2Bk5hwgxnSuu250gQpUoZiRrKin2giER6iPmlbylFMdJCOj8ngoVV6MBLKPm7gWP09kaJY61Ec2mSMzEDPern4n9dOTHQZpJTLxBCOJ4uihEEjYN4M7FFFsGEjSxBW1P4V4gFSCBvbX9GW4M2ePE8aZxXPrXi35+Xq1bSOAtgHB+AIeOACVMENqIE6wOARPINX8OY8OS/Ou/MxiS4405k98AfO5w9otpqO</latexit>

scale uncertainty
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E866/NuSea p
s = 38.8GeV

<latexit sha1_base64="/0C/w+lqddBVs/qkB5muDNfnpvs=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuAqJChZBKLrQZQX7gCaUyXTSDp08nJkIJXbhr7hxoYhbf8Odf+O0zUJbD1w4nHMv997jJ5xJZdvfRmFhcWl5pbhaWlvf2Nwyt3caMk4FoXUS81i0fCwpZxGtK6Y4bSWC4tDntOkPrsZ+84EKyeLoTg0T6oW4F7GAEay01DH3XHkvVCZH6AKdVKwKcs/RNW10zLJt2ROgeeLkpAw5ah3zy+3GJA1ppAjHUrYdO1FehoVihNNRyU0lTTAZ4B5taxrhkEovm9w/Qoda6aIgFroihSbq74kMh1IOQ193hlj15aw3Fv/z2qkKKl7GoiRVNCLTRUHKkYrROAzUZYISxYeaYCKYvhWRPhaYKB1ZSYfgzL48TxrHlmNbzu1puXqZx1GEfTiAI3DgDKpwAzWoA4FHeIZXeDOejBfj3fiYthaMfGYX/sD4/AEu5JQ+</latexit><latexit sha1_base64="/0C/w+lqddBVs/qkB5muDNfnpvs=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuAqJChZBKLrQZQX7gCaUyXTSDp08nJkIJXbhr7hxoYhbf8Odf+O0zUJbD1w4nHMv997jJ5xJZdvfRmFhcWl5pbhaWlvf2Nwyt3caMk4FoXUS81i0fCwpZxGtK6Y4bSWC4tDntOkPrsZ+84EKyeLoTg0T6oW4F7GAEay01DH3XHkvVCZH6AKdVKwKcs/RNW10zLJt2ROgeeLkpAw5ah3zy+3GJA1ppAjHUrYdO1FehoVihNNRyU0lTTAZ4B5taxrhkEovm9w/Qoda6aIgFroihSbq74kMh1IOQ193hlj15aw3Fv/z2qkKKl7GoiRVNCLTRUHKkYrROAzUZYISxYeaYCKYvhWRPhaYKB1ZSYfgzL48TxrHlmNbzu1puXqZx1GEfTiAI3DgDKpwAzWoA4FHeIZXeDOejBfj3fiYthaMfGYX/sD4/AEu5JQ+</latexit><latexit sha1_base64="/0C/w+lqddBVs/qkB5muDNfnpvs=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuAqJChZBKLrQZQX7gCaUyXTSDp08nJkIJXbhr7hxoYhbf8Odf+O0zUJbD1w4nHMv997jJ5xJZdvfRmFhcWl5pbhaWlvf2Nwyt3caMk4FoXUS81i0fCwpZxGtK6Y4bSWC4tDntOkPrsZ+84EKyeLoTg0T6oW4F7GAEay01DH3XHkvVCZH6AKdVKwKcs/RNW10zLJt2ROgeeLkpAw5ah3zy+3GJA1ppAjHUrYdO1FehoVihNNRyU0lTTAZ4B5taxrhkEovm9w/Qoda6aIgFroihSbq74kMh1IOQ193hlj15aw3Fv/z2qkKKl7GoiRVNCLTRUHKkYrROAzUZYISxYeaYCKYvhWRPhaYKB1ZSYfgzL48TxrHlmNbzu1puXqZx1GEfTiAI3DgDKpwAzWoA4FHeIZXeDOejBfj3fiYthaMfGYX/sD4/AEu5JQ+</latexit>

p p ! µ+µ�X
<latexit sha1_base64="57t6pPSlFa85QR6aFPlXEbOfpxM=">AAACDHicbVDLSgMxFM34rPVVdekmWARBLTMi6LLoxmUF+4DOtGTSTBuaSUKSUcowH+DGX3HjQhG3foA7/8ZM24W2HggczjmXm3tCyag2rvvtLCwuLa+sFtaK6xubW9ulnd2GFonCpI4FE6oVIk0Y5aRuqGGkJRVBcchIMxxe537znihNBb8zI0mCGPU5jShGxkrdUln6JxL6ivYHBiklHqAfJ7CTHmc56aSnGWzZlFtxx4DzxJuSMpii1i19+T2Bk5hwgxnSuu250gQpUoZiRrKin2giER6iPmlbylFMdJCOj8ngoVV6MBLKPm7gWP09kaJY61Ec2mSMzEDPern4n9dOTHQZpJTLxBCOJ4uihEEjYN4M7FFFsGEjSxBW1P4V4gFSCBvbX9GW4M2ePE8aZxXPrXi35+Xq1bSOAtgHB+AIeOACVMENqIE6wOARPINX8OY8OS/Ou/MxiS4405k98AfO5w9otpqO</latexit><latexit sha1_base64="57t6pPSlFa85QR6aFPlXEbOfpxM=">AAACDHicbVDLSgMxFM34rPVVdekmWARBLTMi6LLoxmUF+4DOtGTSTBuaSUKSUcowH+DGX3HjQhG3foA7/8ZM24W2HggczjmXm3tCyag2rvvtLCwuLa+sFtaK6xubW9ulnd2GFonCpI4FE6oVIk0Y5aRuqGGkJRVBcchIMxxe537znihNBb8zI0mCGPU5jShGxkrdUln6JxL6ivYHBiklHqAfJ7CTHmc56aSnGWzZlFtxx4DzxJuSMpii1i19+T2Bk5hwgxnSuu250gQpUoZiRrKin2giER6iPmlbylFMdJCOj8ngoVV6MBLKPm7gWP09kaJY61Ec2mSMzEDPern4n9dOTHQZpJTLxBCOJ4uihEEjYN4M7FFFsGEjSxBW1P4V4gFSCBvbX9GW4M2ePE8aZxXPrXi35+Xq1bSOAtgHB+AIeOACVMENqIE6wOARPINX8OY8OS/Ou/MxiS4405k98AfO5w9otpqO</latexit><latexit sha1_base64="57t6pPSlFa85QR6aFPlXEbOfpxM=">AAACDHicbVDLSgMxFM34rPVVdekmWARBLTMi6LLoxmUF+4DOtGTSTBuaSUKSUcowH+DGX3HjQhG3foA7/8ZM24W2HggczjmXm3tCyag2rvvtLCwuLa+sFtaK6xubW9ulnd2GFonCpI4FE6oVIk0Y5aRuqGGkJRVBcchIMxxe537znihNBb8zI0mCGPU5jShGxkrdUln6JxL6ivYHBiklHqAfJ7CTHmc56aSnGWzZlFtxx4DzxJuSMpii1i19+T2Bk5hwgxnSuu250gQpUoZiRrKin2giER6iPmlbylFMdJCOj8ngoVV6MBLKPm7gWP09kaJY61Ec2mSMzEDPern4n9dOTHQZpJTLxBCOJ4uihEEjYN4M7FFFsGEjSxBW1P4V4gFSCBvbX9GW4M2ePE8aZxXPrXi35+Xq1bSOAtgHB+AIeOACVMENqIE6wOARPINX8OY8OS/Ou/MxiS4405k98AfO5w9otpqO</latexit><latexit sha1_base64="57t6pPSlFa85QR6aFPlXEbOfpxM=">AAACDHicbVDLSgMxFM34rPVVdekmWARBLTMi6LLoxmUF+4DOtGTSTBuaSUKSUcowH+DGX3HjQhG3foA7/8ZM24W2HggczjmXm3tCyag2rvvtLCwuLa+sFtaK6xubW9ulnd2GFonCpI4FE6oVIk0Y5aRuqGGkJRVBcchIMxxe537znihNBb8zI0mCGPU5jShGxkrdUln6JxL6ivYHBiklHqAfJ7CTHmc56aSnGWzZlFtxx4DzxJuSMpii1i19+T2Bk5hwgxnSuu250gQpUoZiRrKin2giER6iPmlbylFMdJCOj8ngoVV6MBLKPm7gWP09kaJY61Ec2mSMzEDPern4n9dOTHQZpJTLxBCOJ4uihEEjYN4M7FFFsGEjSxBW1P4V4gFSCBvbX9GW4M2ePE8aZxXPrXi35+Xq1bSOAtgHB+AIeOACVMENqIE6wOARPINX8OY8OS/Ou/MxiS4405k98AfO5w9otpqO</latexit>
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E288 p Cu (Pt) → μ+ μ−X
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E615

NLO O(↵2
s)

<latexit sha1_base64="4C6c/cV/OsaIBk6L16gYvrCqdBg=">AAACBXicbVBNS8NAEN34WetX1KMegkWol5IUQY9FL96sYD+giWWy3bRLN5uwuxFKyMWLf8WLB0W8+h+8+W/ctDlo64OBx3szzMzzY0alsu1vY2l5ZXVtvbRR3tza3tk19/bbMkoEJi0csUh0fZCEUU5aiipGurEgEPqMdPzxVe53HoiQNOJ3ahITL4QhpwHFoLTUN4/cENQIA0tvsqoLLB5BP5XZfVrPTst9s2LX7CmsReIUpIIKNPvmlzuIcBISrjADKXuOHSsvBaEoZiQru4kkMeAxDElPUw4hkV46/SKzTrQysIJI6OLKmqq/J1IIpZyEvu7Mb5bzXi7+5/USFVx4KeVxogjHs0VBwiwVWXkk1oAKghWbaAJYUH2rhUcgACsdXB6CM//yImnXa45dc27PKo3LIo4SOkTHqIocdI4a6Bo1UQth9Iie0St6M56MF+Pd+Ji1LhnFzAH6A+PzByMdmE8=</latexit><latexit sha1_base64="4C6c/cV/OsaIBk6L16gYvrCqdBg=">AAACBXicbVBNS8NAEN34WetX1KMegkWol5IUQY9FL96sYD+giWWy3bRLN5uwuxFKyMWLf8WLB0W8+h+8+W/ctDlo64OBx3szzMzzY0alsu1vY2l5ZXVtvbRR3tza3tk19/bbMkoEJi0csUh0fZCEUU5aiipGurEgEPqMdPzxVe53HoiQNOJ3ahITL4QhpwHFoLTUN4/cENQIA0tvsqoLLB5BP5XZfVrPTst9s2LX7CmsReIUpIIKNPvmlzuIcBISrjADKXuOHSsvBaEoZiQru4kkMeAxDElPUw4hkV46/SKzTrQysIJI6OLKmqq/J1IIpZyEvu7Mb5bzXi7+5/USFVx4KeVxogjHs0VBwiwVWXkk1oAKghWbaAJYUH2rhUcgACsdXB6CM//yImnXa45dc27PKo3LIo4SOkTHqIocdI4a6Bo1UQth9Iie0St6M56MF+Pd+Ji1LhnFzAH6A+PzByMdmE8=</latexit><latexit sha1_base64="4C6c/cV/OsaIBk6L16gYvrCqdBg=">AAACBXicbVBNS8NAEN34WetX1KMegkWol5IUQY9FL96sYD+giWWy3bRLN5uwuxFKyMWLf8WLB0W8+h+8+W/ctDlo64OBx3szzMzzY0alsu1vY2l5ZXVtvbRR3tza3tk19/bbMkoEJi0csUh0fZCEUU5aiipGurEgEPqMdPzxVe53HoiQNOJ3ahITL4QhpwHFoLTUN4/cENQIA0tvsqoLLB5BP5XZfVrPTst9s2LX7CmsReIUpIIKNPvmlzuIcBISrjADKXuOHSsvBaEoZiQru4kkMeAxDElPUw4hkV46/SKzTrQysIJI6OLKmqq/J1IIpZyEvu7Mb5bzXi7+5/USFVx4KeVxogjHs0VBwiwVWXkk1oAKghWbaAJYUH2rhUcgACsdXB6CM//yImnXa45dc27PKo3LIo4SOkTHqIocdI4a6Bo1UQth9Iie0St6M56MF+Pd+Ji1LhnFzAH6A+PzByMdmE8=</latexit>

⇡W ! µ+µ�X
<latexit sha1_base64="Yz0zy7o0LS+9AhpHLZzkBimjqmE=">AAACDnicbZDLSgMxFIYz9VbrbdSlm2ApCGqZEUGXRTcuK9gLdKYlk6ZtaJIZkoxShnkCN76KGxeKuHXtzrcx085CW38IfPznHE7OH0SMKu0431ZhaXllda24XtrY3NresXf3miqMJSYNHLJQtgOkCKOCNDTVjLQjSRAPGGkF4+us3ronUtFQ3OlJRHyOhoIOKEbaWD274kXUO2lBT9LhSCMpwwfo8Rh2k+M0g25ymsJ2zy47VWcquAhuDmWQq96zv7x+iGNOhMYMKdVxnUj7CZKaYkbSkhcrEiE8RkPSMSgQJ8pPpueksGKcPhyE0jyh4dT9PZEgrtSEB6aTIz1S87XM/K/WifXg0k+oiGJNBJ4tGsQM6hBm2cA+lQRrNjGAsKTmrxCPkERYmwRLJgR3/uRFaJ5VXafq3p6Xa1d5HEVwAA7BEXDBBaiBG1AHDYDBI3gGr+DNerJerHfrY9ZasPKZffBH1ucP0FCbTg==</latexit><latexit sha1_base64="Yz0zy7o0LS+9AhpHLZzkBimjqmE=">AAACDnicbZDLSgMxFIYz9VbrbdSlm2ApCGqZEUGXRTcuK9gLdKYlk6ZtaJIZkoxShnkCN76KGxeKuHXtzrcx085CW38IfPznHE7OH0SMKu0431ZhaXllda24XtrY3NresXf3miqMJSYNHLJQtgOkCKOCNDTVjLQjSRAPGGkF4+us3ronUtFQ3OlJRHyOhoIOKEbaWD274kXUO2lBT9LhSCMpwwfo8Rh2k+M0g25ymsJ2zy47VWcquAhuDmWQq96zv7x+iGNOhMYMKdVxnUj7CZKaYkbSkhcrEiE8RkPSMSgQJ8pPpueksGKcPhyE0jyh4dT9PZEgrtSEB6aTIz1S87XM/K/WifXg0k+oiGJNBJ4tGsQM6hBm2cA+lQRrNjGAsKTmrxCPkERYmwRLJgR3/uRFaJ5VXafq3p6Xa1d5HEVwAA7BEXDBBaiBG1AHDYDBI3gGr+DNerJerHfrY9ZasPKZffBH1ucP0FCbTg==</latexit><latexit sha1_base64="Yz0zy7o0LS+9AhpHLZzkBimjqmE=">AAACDnicbZDLSgMxFIYz9VbrbdSlm2ApCGqZEUGXRTcuK9gLdKYlk6ZtaJIZkoxShnkCN76KGxeKuHXtzrcx085CW38IfPznHE7OH0SMKu0431ZhaXllda24XtrY3NresXf3miqMJSYNHLJQtgOkCKOCNDTVjLQjSRAPGGkF4+us3ronUtFQ3OlJRHyOhoIOKEbaWD274kXUO2lBT9LhSCMpwwfo8Rh2k+M0g25ymsJ2zy47VWcquAhuDmWQq96zv7x+iGNOhMYMKdVxnUj7CZKaYkbSkhcrEiE8RkPSMSgQJ8pPpueksGKcPhyE0jyh4dT9PZEgrtSEB6aTIz1S87XM/K/WifXg0k+oiGJNBJ4tGsQM6hBm2cA+lQRrNjGAsKTmrxCPkERYmwRLJgR3/uRFaJ5VXafq3p6Xa1d5HEVwAA7BEXDBBaiBG1AHDYDBI3gGr+DNerJerHfrY9ZasPKZffBH1ucP0FCbTg==</latexit><latexit sha1_base64="Yz0zy7o0LS+9AhpHLZzkBimjqmE=">AAACDnicbZDLSgMxFIYz9VbrbdSlm2ApCGqZEUGXRTcuK9gLdKYlk6ZtaJIZkoxShnkCN76KGxeKuHXtzrcx085CW38IfPznHE7OH0SMKu0431ZhaXllda24XtrY3NresXf3miqMJSYNHLJQtgOkCKOCNDTVjLQjSRAPGGkF4+us3ronUtFQ3OlJRHyOhoIOKEbaWD274kXUO2lBT9LhSCMpwwfo8Rh2k+M0g25ymsJ2zy47VWcquAhuDmWQq96zv7x+iGNOhMYMKdVxnUj7CZKaYkbSkhcrEiE8RkPSMSgQJ8pPpueksGKcPhyE0jyh4dT9PZEgrtSEB6aTIz1S87XM/K/WifXg0k+oiGJNBJ4tGsQM6hBm2cA+lQRrNjGAsKTmrxCPkERYmwRLJgR3/uRFaJ5VXafq3p6Xa1d5HEVwAA7BEXDBBaiBG1AHDYDBI3gGr+DNerJerHfrY9ZasPKZffBH1ucP0FCbTg==</latexit> p

s = 21.8 GeV
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E605 p Cu (Pt) → μ+ μ−X
s = 38.8 GeV
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threshold resummation
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threshold resummation
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threshold resummation

17

Vogelsang, Lambertsen, Steiglechner 
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known similar cases
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pion production

de Florian Vogelsang PRD 71 114004 (2005)



known similar cases
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prompt photon

de Florian Vogelsang PRD 72 014014 (2005)



intrinsic kT smearing
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fq (x,kT ) = f (x)
1

⇡ < k2T >
e
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Conclusions (?)
• fixed-order pQCD largely underestimates low-energy Drell-Yan 

data at high qT 


• neither threshold resummation nor intrinsic-kT models seem to help


• more high qT data needed


• important to see effects of E866 data in TMD fits


• any help/hint/comment/suggestion is welcome!
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Part 3

Impact on precision measurements at the LHC:


the W mass case



Observables 

• accessible via counting experiments: cross sections and asymmetries


Pseudo-Observables 

• functions of cross sections and symmetries

• require a model to be properly defined


- MZ at LEP as pole of the Breit-Wigner resonance factor

- Mw at hadron colliders as fitting parameter of a template fit procedure                                


Template fit 

1. generate several histograms with the highest available theoretical accuracy and 

degree of realism in the detector simulation, and let the fit parameter (e.g. Mw) vary 
in a range


2. the histogram that best describes data selects the preferred (i.e. measured) Mw 


➡ the result of the fit depends on the hypotheses used to compute the templates 
(PDFs, scales, non-perturbative, different prescriptions, …)


➡ these hypotheses should be treated as theoretical systematic errors

The extraction of physical quantities



• pseudodata with different PDF sets: low-statistics (100M) and fixed MW0

• templates with a reference PDF set (CTEQ6.6): high-statistics (1B) and different MW

• same code used to generate both pseudodata and templates → only effect probed is the PDF one

General template-fit strategy (example: PDF uncertainty) 
Bozzi, Rojo, Vicini PRD 83, 113008 (2011)



The W mass
MW: theoretical prediction vs experimental value

Alessandro Vicini - University of Milano                                                                                                                                                                  Shanghai, May 18th 2017
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MW experimental values

re-evaluation of the MW prediction, with an MSbar calculation  G.Degrassi, P.Gambino, P.Giardino, arXiv:1411.7040

                    MW = 80.357 ± 0.009 ± 0.003 GeV     (parametric and missing higher orders)

includes the full 2-loop EW result, higher-order QCD corrections, resummation of reducible terms
central value obtained with the 2014 top mass world average mt=173.34 ±0.76exp±0.3th GeV
                                                                                          Δαhad(MZ) = 0.02750±0.00033
the comparison of this MSbar calculation with the corresponding one in the OS scheme
      suggests that missing higher orders might have a residual effect of O(6 MeV)

mW = 80370± 19 MeV ATLAS arXiv:1701.07240
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Global EW fit compared to ATLAS results
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 (Eur. Phys. J. C 74 (2014) 3046)

mW = 80356± 8 MeV
Global EW fit
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E↵ect of flavor-dependent partonic transverse momentum
on the determination of the W boson mass in hadronic collisions
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Within the framework of transverse-momentum-dependent factorization, we investigate for the
first time the impact of a flavor-dependent intrinsic transverse momentum of quarks on the produc-
tion of W± bosons in proton-proton collisions at

p
s = 7 TeV. We study the transverse-mass and

the lepton transverse momentum distributions of the W -decay products by means of a template-fit
technique and we estimate the shift in the W boson mass induced by di↵erent choices of flavor-
dependent parameters for the intrinsic quark transverse momentum. We get �11  �MW+  4
MeV and �6  �MW�  2 MeV with a statistical uncertainty of ±4 MeV. Our findings call
for more detailed investigations of flavor-dependent nonperturbative e↵ects linked to the proton
structure at hadron colliders.

PACS numbers: 14.70.Fm, 13.85.Qk, 12.38.-t

Introduction and motivation.

Nonperturbative e↵ects in transverse-momentum-
dependent (TMD) phenomena are a central topic in
the hadronic physics community with potentially impor-
tant applications to high-energy physics. The study of
nonperturbative corrections originates from the work of
Parisi and Petronzio [1] and Collins, Soper, and Ster-
man [2], which focused on the role of the hard scale
of the process compared to the infrared scale of QCD.
TMD factorization and evolution have been extensively
studied in the literature [3–6], together with the match-
ing to collinear factorization [2, 7–12]. Despite the lim-
ited amount of data available and the many open the-
oretical questions, in the past years we started gaining
phenomenological information about TMD parton dis-
tribution functions (TMD PDFs) with increasing level
of accuracy. Recently, the unpolarized TMD PDF was
extracted for the first time from a global fit of data
for semi-inclusive deep-inelastic scattering (SIDIS) and
production of Drell-Yan lepton pairs and Z bosons [13].
Nonetheless, many theoretical and phenomenological
questions are still open [14].

In this paper, we demonstrate that if a very high pre-
cision is required, then the e↵ects of a potential flavor
dependence of the intrinsic partonic transverse momen-
tum can be nonnegligible even in the kinematic region
where the nonperturbative e↵ects are expected to be
small [9, 13, 15–19] (⇤QCD ⌧ Q ⌧

p
s: W boson produc-

tion at the LHC lies in this kinematic region). Thus, we
show that the uncertainties associated to our ignorance
of the multidimensional structure of hadrons should be
carefully accounted for in phenomenological studies of
the free parameters in the Standard Model. In particu-
lar, we focus on the impact of the simplest TMD PDF,

the unpolarized one, on the determination of the W bo-
son mass at hadron colliders.

Our findings demonstrate that the flavor dependence
of nonperturbative e↵ects can introduce uncertainties in
the direct determination of the W mass at the LHC, and
that these uncertainties can be as large as the precision
set by the electroweak fits.

Experimental measurements and uncertainties.

The determination of the W boson mass, MW , from
the global electroweak fit (MW=80.356±8 MeV) [20] fea-
tures a very small uncertainty that sets a goal for the
precision of the experimental measurements at hadron
colliders.

Precise determinations of MW have been extracted
from pp̄ collisions at D0 [21] and at CDF [22], and from
pp collisions at ATLAS [23] with a total uncertainty of
23 MeV, 19 MeV and 19 MeV, respectively. The current
world average, based on these measurements and the ones
performed at LEP, is MW=80.379±12 MeV [24]. The ex-
perimental analyses are based on a template-fit procedure
on the di↵erential distributions of the decay products: in
particular, the transverse momentum of the final lepton,
pT `, the transverse momentum of the neutrino pT⌫ (only
at the Tevatron), and the transverse mass mT of the
lepton pair (where mT =

p
2 pT ` pT⌫ (1� cos(�` � �⌫)),

with �`,⌫ being the azimuthal angles of the lepton and
the neutrino, respectively).

In a template-fit procedure, several histograms are gen-
erated with the highest available theoretical accuracy and
the best available description of detector e↵ects, letting
the fit parameter (MW , in this case) vary in a range:
the histogram best describing experimental data selects
the measured value for MW . The details of the theoreti-
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Figure 28: The measured value of mW is compared to other published results, including measurements from the
LEP experiments ALEPH, DELPHI, L3 and OPAL [25–28], and from the Tevatron collider experiments CDF and
D0 [22, 23]. The vertical bands show the statistical and total uncertainties of the ATLAS measurement, and the
horizontal bands and lines show the statistical and total uncertainties of the other published results. Measured values
of mW for positively- and negatively-charged W bosons are also shown.

The W -boson mass measurement is compatible with the current world average of mW = 80385 ±
15 MeV [29], and similar in precision to the currently leading measurements performed by the CDF
and D0 collaborations [22, 23]. An overview of the di�erent mW measurements is shown in Figure 28.
The compatibility of the measured value of mW in the context of the global electroweak fit is illustrated
in Figures 29 and 30. Figure 29 compares the present measurement with earlier results, and with the
SM prediction updated with regards to Ref. [16] using recent measurements of the top-quark and Higgs
boson masses, mt = 172.84 ± 0.70 GeV [110] and mH = 125.09 ± 0.24 GeV [111]. This update gives
a numerical value for the SM prediction of mW = 80356 ± 8 MeV. The corresponding two-dimensional
68% and 95% confidence limits for mW and mt are shown in Figure 30, and compared to the present
measurement of mW and the average of the top-quark mass determinations performed by ATLAS [110].

The determination of the W -boson mass from the global fit of the electroweak parameters has an uncertainty
of 8 MeV, which sets a natural target for the precision of the experimental measurement of the mass of
the W boson. The modelling uncertainties, which currently dominate the overall uncertainty on the mW

measurement presented in this note, need to be reduced in order to fully exploit the larger data samples
available at centre-of-mass energies of 8 and 13 TeV. A better knowledge of the PDFs, as achievable with
the inclusion in PDF fits of recent precise measurements of W - and Z-boson rapidity cross sections with
the ATLAS detector [41], and improved QCD and electroweak predictions for Drell-Yan production, are
therefore crucial for future measurements of the W -boson mass at the LHC.
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MW experimental values

re-evaluation of the MW prediction, with an MSbar calculation  G.Degrassi, P.Gambino, P.Giardino, arXiv:1411.7040

                    MW = 80.357 ± 0.009 ± 0.003 GeV     (parametric and missing higher orders)

includes the full 2-loop EW result, higher-order QCD corrections, resummation of reducible terms
central value obtained with the 2014 top mass world average mt=173.34 ±0.76exp±0.3th GeV
                                                                                          Δαhad(MZ) = 0.02750±0.00033
the comparison of this MSbar calculation with the corresponding one in the OS scheme
      suggests that missing higher orders might have a residual effect of O(6 MeV)

mW = 80370± 19 MeV ATLAS arXiv:1701.07240
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Global EW fit compared to ATLAS results
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Within the framework of transverse-momentum-dependent factorization, we investigate for the
first time the impact of a flavor-dependent intrinsic transverse momentum of quarks on the produc-
tion of W± bosons in proton-proton collisions at

p
s = 7 TeV. We study the transverse-mass and

the lepton transverse momentum distributions of the W -decay products by means of a template-fit
technique and we estimate the shift in the W boson mass induced by di↵erent choices of flavor-
dependent parameters for the intrinsic quark transverse momentum. We get �11  �MW+  4
MeV and �6  �MW�  2 MeV with a statistical uncertainty of ±4 MeV. Our findings call
for more detailed investigations of flavor-dependent nonperturbative e↵ects linked to the proton
structure at hadron colliders.
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Introduction and motivation.

Nonperturbative e↵ects in transverse-momentum-
dependent (TMD) phenomena are a central topic in
the hadronic physics community with potentially impor-
tant applications to high-energy physics. The study of
nonperturbative corrections originates from the work of
Parisi and Petronzio [1] and Collins, Soper, and Ster-
man [2], which focused on the role of the hard scale
of the process compared to the infrared scale of QCD.
TMD factorization and evolution have been extensively
studied in the literature [3–6], together with the match-
ing to collinear factorization [2, 7–12]. Despite the lim-
ited amount of data available and the many open the-
oretical questions, in the past years we started gaining
phenomenological information about TMD parton dis-
tribution functions (TMD PDFs) with increasing level
of accuracy. Recently, the unpolarized TMD PDF was
extracted for the first time from a global fit of data
for semi-inclusive deep-inelastic scattering (SIDIS) and
production of Drell-Yan lepton pairs and Z bosons [13].
Nonetheless, many theoretical and phenomenological
questions are still open [14].

In this paper, we demonstrate that if a very high pre-
cision is required, then the e↵ects of a potential flavor
dependence of the intrinsic partonic transverse momen-
tum can be nonnegligible even in the kinematic region
where the nonperturbative e↵ects are expected to be
small [9, 13, 15–19] (⇤QCD ⌧ Q ⌧

p
s: W boson produc-

tion at the LHC lies in this kinematic region). Thus, we
show that the uncertainties associated to our ignorance
of the multidimensional structure of hadrons should be
carefully accounted for in phenomenological studies of
the free parameters in the Standard Model. In particu-
lar, we focus on the impact of the simplest TMD PDF,

the unpolarized one, on the determination of the W bo-
son mass at hadron colliders.

Our findings demonstrate that the flavor dependence
of nonperturbative e↵ects can introduce uncertainties in
the direct determination of the W mass at the LHC, and
that these uncertainties can be as large as the precision
set by the electroweak fits.

Experimental measurements and uncertainties.

The determination of the W boson mass, MW , from
the global electroweak fit (MW=80.356±8 MeV) [20] fea-
tures a very small uncertainty that sets a goal for the
precision of the experimental measurements at hadron
colliders.

Precise determinations of MW have been extracted
from pp̄ collisions at D0 [21] and at CDF [22], and from
pp collisions at ATLAS [23] with a total uncertainty of
23 MeV, 19 MeV and 19 MeV, respectively. The current
world average, based on these measurements and the ones
performed at LEP, is MW=80.379±12 MeV [24]. The ex-
perimental analyses are based on a template-fit procedure
on the di↵erential distributions of the decay products: in
particular, the transverse momentum of the final lepton,
pT `, the transverse momentum of the neutrino pT⌫ (only
at the Tevatron), and the transverse mass mT of the
lepton pair (where mT =

p
2 pT ` pT⌫ (1� cos(�` � �⌫)),

with �`,⌫ being the azimuthal angles of the lepton and
the neutrino, respectively).

In a template-fit procedure, several histograms are gen-
erated with the highest available theoretical accuracy and
the best available description of detector e↵ects, letting
the fit parameter (MW , in this case) vary in a range:
the histogram best describing experimental data selects
the measured value for MW . The details of the theoreti-

ATLAS, EPJC 78, 110 (2018)



MW extracted from the study of the shape of mT, pTl, pTmiss

jacobian peak enhances sensitivity to MW

MW determination at hadron colliders: observables and techniques
MW extracted from the study of the shape of the  MT, pt_lep, ET_miss  distributions  in CC-DY  
thanks to the jacobian peak that enhances the sensitivity to MW

Alessandro Vicini - University of Milano                                                                                                                                                                  Shanghai, May 18th 2017
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Observables and techniques

pTW modelling depends on flavour and all-order treatment of QCD corrections

Experimental Observables 

5 EPS-HEP Stockholm   18/07/2013 T.Kurca for D0 Collaboration 

pT(e) 
 most affected by pT(W)   

MT 
 less sensitive to transverse motion of W 
- sensitive to detector resolution effects 

          No pT(W)  
   pT(W) included 

  Detector effects  

  extract W mass from 3 observables transversal to the beam direction:   
               Electron pT 
               W transverse mass MT 
               Missing ET 

  complementary observables, not completely correlated 
   

 

)cos1(2 Q
Q IeT

e
TT EEM '� 

Transverse mass: important detector smearing effects, weakly sensitive to pTW modelling

           Lepton pT: moderate detector smearing effects, extremely sensitive to pTW modelling 

Impact of the parton distribution function uncertainties on themeasurement of theW bosonmass
at the Tevatron and the LHC

G. Bozzi,* J. Rojo,† and A. Vicini‡

(Received 14 April 2011; published 20 June 2011)

We study at a quantitative level the impact of the uncertainties on the value of the W boson mass

measured at hadron colliders due to: i) the proton parton distribution functions (PDFs), ii) the value of the

strong coupling constant !s and iii) the value of the charm mass used in the PDF determination. The value

of the W boson mass is extracted, by means of a template fit technique, from the lepton-pair transverse

mass distribution measured in the charged current Drell-Yan process. We study the determination ofmW at

the Tevatron and at the LHC with 7 and 14 TeVof center-of-mass energy in a realistic experimental setup.

The analysis has been done at the Born level using the event generator HORACE and at NLO-QCD using

the event generators DYNNLO and RESBOS. We consider the three global PDF sets, CTEQ6.6, MSTW2008, and

NNPDF2.1. We estimate that the total PDF uncertainty on mW is below 10 MeV both at the Tevatron and at

the LHC for all energies and final states. We conclude that PDF uncertainties do not challenge a

measurement of the W boson mass at the level of 10 MeV accuracy.

DOI: 10.1103/PhysRevD.83.113008 PACS numbers: 14.70.Fm

I. INTRODUCTION

The measurement of theW boson mass represents a very
important test of the standard model and of its extensions,
like e.g. the minimal supersymmetric standard model, and
provides indirect bounds on the mass of the Higgs boson
[1–3]. This measurement has reached a very high level of
accuracy: the current world average is mW ¼ 80:398"
0:023 GeV [4] and the best single experiment measure-
ments have been obtained by D0 [5] and CDF [6,7] at the
Fermilab Tevatron with mW ¼ 80:401" 0:043 GeV and
mW ¼ 80:413" 0:048 GeV respectively. The prospects
for the combined measurements at the end of the
Tevatron run, with 4 fb#1 of total collected luminosity,
are of a final error of roughly 15 MeV [8]. The prospects
for the measurement at the CERN LHC are at
the level of 15 MeV, or even 10 MeV [9,10]. At this level
of accuracy, it becomes necessary to quantify in detail the
various sources of theoretical uncertainties that contribute
to the final systematic error.

The mass of theW boson is measured at hadron colliders
in the charged current Drell-Yan (DY) process by studying
the charged lepton transverse momentum pl

t distribution,
the missing transverse momentum p"

t distribution, or the
lepton pair transverse mass distribution, defined as

MW
? ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pl

tp
"
t ð1# cosð#l ##"ÞÞ

q
; (1)

where the neutrino four-momentum p"
t and angle #" are

inferred from the transverse momentum imbalance in the
event. The mass of the W boson is obtained by fitting the

experimental distributions with the corresponding theoreti-
cal predictions, where mW is kept as a free parameter.
A measurement of mW at the 10 MeV level is not only a

very ambitious goal from the experimental side, but it is
also very challenging from the theoretical point of view due
to the careful modelling of the production mechanism that
is required. We can illustrate these difficulties with the
following example. It is known that the result of a fit of
mW to a given theory template is very sensitive to the shape
of the distributions. In Fig. 1, we consider two transverse
mass distributions at the Born level obtained with two
values ofmW which differ by 10 MeV. If one takes the ratio
bin by bin of the histograms, one sees that a small shift of
10 MeV in mW induces a non trivial distortion of the shape
at the permille level. Therefore, if we aim at measuringmW

at the 10–20 MeV level, we should, from the theoretical
side, have the control on all the perturbative and nonpertur-
bative corrections which can change the shape of the rele-
vant kinematic distributions at this level of precision.
On the other hand, the total integrated cross section is

not significantly affected by changing mW . As shown in
Table I, a shift by 10 MeV of mW yields a change of the
cross section at the 0.04% level. Thus, it is important to
disentangle the normalization effects, which are very
weakly related to the precise value of mW , from the effects
that modify instead the shape of the distributions, which
have a larger impact on the measurement of mW .
The Drell-Yan cross section is given by the convolution

of the parton distribution functions (PDFs) of the two
incoming hadrons with the partonic cross section. The
crucial role of QCD corrections to the partonic processes
has been widely discussed in the literature [11,12]. The
very important role of the Oð!Þ EW corrections in the
precision study of the charged current DY process is also
well known (for a complete list of references, see [13]). It
is the aim of the present paper to study three different

*Email: Giuseppe.Bozzi@mi.infn.it
† Juan.Rojo@mi.infn.it
‡ Alessandro.Vicini@mi.infn.it
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Challenging shape measurement: a distortion at the few per mille level of the 
distributions yields a shift of O(10 MeV) of the MW value
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Ref. [41], only CT10nnlo, CT14 and MMHT2014 are consid-
ered further. The better agreement obtained with CT10nnlo
can be ascribed to the weaker suppression of the strange quark
density compared to the u - and d-quark sea densities in this
PDF set.

The predictions of the angular coefficients in Z -boson
events are compared to the ATLAS measurement at

√
s =

8 TeV [42]. Good agreement between the measurements and
DYNNLO is observed for the relevant coefficients, except
for A2, where the measurement is significantly below the
prediction. As an example, Fig. 4 shows the comparison
for A0 and A2 as a function of pZT . For A2, an additional
source of uncertainty in the theoretical prediction is consid-
ered to account for the observed disagreement with data, as
discussed in Sect. 6.5.3.

6.5 Uncertainties in the QCD modelling

Several sources of uncertainty related to the perturbative
and non-perturbative modelling of the strong interaction
affect the dynamics of the vector-boson production and
decay [33,102–104]. Their impact on the measurement of
mW is assessed through variations of the model parameters of
the predictions for the differential cross sections as functions
of the boson rapidity, transverse-momentum spectrum at a
given rapidity, and angular coefficients, which correspond to
the second, third, and fourth terms of the decomposition of
Eq. (2), respectively. The parameter variations used to esti-
mate the uncertainties are propagated to the simulated event
samples by means of the reweighting procedure described in
Sect. 6.4. Table 3 shows an overview of the uncertainties due
to the QCD modelling which are discussed below.

 [GeV]ll
T

p
0 20 40 60 80 100

0A

0

0.2

0.4

0.6

0.8

1

1.2
Data
DYNNLO (CT10nnlo)

ATLAS
-1 = 8 TeV, 20.3 fbs

Z+X→pp

(a)  [GeV]ll
T

p
0 20 40 60 80 100

2A

0

0.2

0.4

0.6

0.8

1

1.2
Data
DYNNLO (CT10nnlo)

ATLAS
-1 = 8 TeV, 20.3 fbs

Z+X→pp

(b)

Fig. 4 The a A0 and b A2 angular coefficients in Z -boson events as
a function of pℓℓ

T [42]. The measured coefficients are compared to the
DYNNLO predictions using the CT10nnlo PDF set. The error bars show

the total experimental uncertainties, and the bands show the uncertain-
ties assigned to the DYNNLO predictions

Table 3 Systematic uncertainties in the mW measurement due to
QCD modelling, for the different kinematic distributions and W -boson
charges. Except for the case of PDFs, the same uncertainties apply
to W+ and W−. The fixed-order PDF uncertainty given for the sepa-

rate W+ and W− final states corresponds to the quadrature sum of the
CT10nnlo uncertainty variations; the charge-combined uncertainty also
contains a 3.8 MeV contribution from comparing CT10nnlo to CT14
and MMHT2014

W -boson charge W+ W− Combined
Kinematic distribution pℓ

T mT pℓ
T mT pℓ

T mT

δmW [MeV]

Fixed-order PDF uncertainty 13.1 14.9 12.0 14.2 8.0 8.7

AZ tune 3.0 3.4 3.0 3.4 3.0 3.4

Charm-quark mass 1.2 1.5 1.2 1.5 1.2 1.5

Parton shower µF with heavy-flavour decorrelation 5.0 6.9 5.0 6.9 5.0 6.9

Parton shower PDF uncertainty 3.6 4.0 2.6 2.4 1.0 1.6

Angular coefficients 5.8 5.3 5.8 5.3 5.8 5.3

Total 15.9 18.1 14.8 17.2 11.6 12.9

123



pTW and the modelling of intrinsic kT

• pTl ꔃ pTW ꔃ QCD initial state radiation + intrinsic kT (usually, a 
Gaussian in kT)


• Intrinsic kT effects measured on Z data and used to predict W 
distributions, assuming universality

but


different flavour structure 

different phase space 
available 

Parton model picture

17

qT

qT ⇠ ⇤QCD qT � QqT ⇠ QqT ⌧ Q

TMD$region

hk2?,uv
i 6= hk2?,dv

i 6= hk2?,seai

hk̂2
?,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
?,d̄~⇡+

↵
=

⌦
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) =

⌦
P̂ 2
?,a~h

↵(z� + �) (1 � z)�

(ẑ� + �) (1 � ẑ)�
where

⌦
P̂ 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 GeV2fa

1 (x, kT ) = fa
1 (x)

1

⇡hk2T ia(x)
e
� k2

T
hk2

T
ia(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 

—> different Gaussian factors for different flavours 
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distributions of Z and W±.

The three experimental collaborations D0, CDF, and
ATLAS, fitted the Z data to obtain an estimate for the
nonperturbative parameters. Then, assuming flavor uni-
versality, they used these estimates to predict the qWT dis-
tribution. They found that the uncertainty on MW due
to the modelling of qWT via template fits for the distribu-
tions in (mT , pT `, pT⌫) are, respectively, �MW = (3,9,4)
MeV for CDF [14], �MW = (2,5,2) MeV for D0 [13] and
�MW = (3,3) MeV for ATLAS [15] (the ATLAS analysis did
not include pT⌫ in the template fit).

It is well known that one of the largest sources of error
in determining MW comes from the uncertainty in the
choice of the collinear PDFs [17–20]. Nevertheless, the
uncertainty propagating from the qWT spectrum via pT `

can be likewise comparably large (except for ATLAS, be-
cause of the narrow range used for the pT ` fit with respect
to the mT one). This does not come as a surprise, since
the pT ` distribution is extremely sensitive to the mod-
elling of qWT , i.e. the pT ` shape gets much more distorted
by all-order resummation and nonperturbative contribu-
tions than the mT shape (which, in turn, is dominated
by detector resolution). In general, the hadron struc-
ture in three-dimensional momentum space is expected
to significantly contribute to the uncertainties on MW .

However, neither analyses at Tevatron and at the LHC
included information on the flavor dependence in the in-
trinsic transverse momentum of the incoming quarks and
gluons participating in the hard scattering. Here, it is our
aim to study the impact onto the determination of MW

in hadronic collisions by including this dependence on the
basis of what was learnt from the phenomenological ex-
traction of the unpolarized TMD PDF from low-energy
data [21].

Formalism.

The impact of nonperturbative e↵ects in Drell-Yan
and Higgs production has been extensively investigated
(see, e.g., [9, 22–27] for available calculations and fitting
codes). With the perturbative accuracy currently avail-
able, the uncertainty arising from the choice of scales is
comparable with the one induced by nonperturbative ef-
fects.

The transverse momentum distribution of electroweak
gauge bosons is sensitive to nonperturbative corrections
to the TMD PDFs and their evolution. As a consequence,
also the leptonic observables measured at hadron collid-
ers are a↵ected. Di↵erent implementations of the non-
perturbative contributions have been presented in the
literature (see e.g. Refs. [9, 25] and references therein
AS: any review available? Anyway, add more (recent)
references).

In order to take into account potential di↵erences be-
tween the valence and the sea quarks (and among di↵er-
ent flavors in general), a flavor- and kinematic-dependent

implementation of the nonperturbative part of the quark
Sudakov exponent has been suggested in Refs. [21, 28].
In the present work, following Ref. [21] for the nonper-
turbative contribution to the unpolarized TMD PDF we
choose the Gaussian functional form

faNP
1 (x, k2?;Q

2) =
fa
1 (x,Q

2)

⇡hk2?ia
e�k2

?/hk2
?ia , (1)

where x is the usual light-cone momentum fraction of
the parton with flavor a, k? is its low (intrinsic) trans-
verse momentum with flavor-dependent width hk2?ia, and
fa
1 (x,Q

2) is the corresponding collinear PDF at the scale
Q2. In general, the width hk2?ia may also depend on
x, but here we will neglect it. At large k?, we rely on
the operator product expansion of the TMD PDF onto
the collinear PDF, for which the Wilson coe�cients are
known at O(↵2

s).
We implemented the above ansatz in two publicly

available tools for computing Drell-Yan di↵erential cross
sections: DYqT [29, 30] and DYRes [29, 31]. The DYqT
program computes the qT spectrum of an electroweak bo-
son V (V = �⇤,W±, Z) produced in hadronic collisions.
The calculation combines the pure fixed-order QCD re-
sult at O(↵s) at high qT (qT ⇠ MV ) with the resum-
mation of the logarithmically-enhanced contributions at
small transverse-momenta (qT ⌧ MV ) up to next-to-
next-to-leading logarithmic (NNLL) accuracy. The ra-
pidity of the vector boson and the leptonic kinematical
variables are integrated over the entire kinematical range.
At the same perturbative accuracy, the DYRes code also
provides the full kinematics of the vector boson and of its
decay products. It thus allows for the application of ar-
bitrary cuts on the final-state kinematical variables and
gives di↵erential distributions in form of bin histograms,
directly comparable to experimental measurements.
The original codes implement the nonperturbative

TMD e↵ects as a flavor- and kinematic-independent
Gaussian exponential e�gNP b2T (bT is the Fourier-
conjugate to k?) whose strength is governed by a
single parameter gNP tuned at the MW scale. This
factor represents the nonperturbative correction to
the cross section. As a consequence, it includes the
nonperturbative e↵ects from both the TMD PDFs
entering the cross section, including their evolution.
In order to mimic a flavor dependence in the parton
intrinsic transverse momentum, we modify this simple
implementation by decomposing gNP into the sum
gaNP + ga

0

NP , where the flavor indices span the range
a, a0 = uv, us, dv, ds, s, c, b, g (the subscripts referring to
the valence and sea components, respectively). In the
following, we assume gsNP = gcNP = gbNP = ggNP , i.e., we
assume that in total the intrinsic transverse-momentum
depends on five flavors.

Analysis strategy.

hk2?,uv
i 6= hk2?,dvi 6= hk2?,us

i 6= hk2?,dsi 6= hk2?,seai
<latexit sha1_base64="n6TusIKL8K9IuhGFwt2s1JaQ1YM="></latexit><latexit sha1_base64="n6TusIKL8K9IuhGFwt2s1JaQ1YM="></latexit><latexit sha1_base64="n6TusIKL8K9IuhGFwt2s1JaQ1YM="></latexit>



Choice of NP parameters

• 50 flavour-dependent sets                         with 

• 1 flavour-independent set with  

dσ
dqT

∼FT exp{−g
NP

b2
T}

For each TMD: 0.4 GeV2 ∼g a
NP

⟶ g evo ln ( Q2

Q2
0 )+ g a

Fit to Z/    Tevatron data: γ* g
NP

∼0.8 GeV2

[Guzzi, Nadolsky, Wang (2014)]

Fit to SIDIS/DY/Z data: g evo ln ( Q2

Q2
0 ) ∈[0.17, 0.39] GeV2

[Bacchetta, Delcarro, Pisano, Radici, Signori (2017)]

variatio n ran g e fo r g a

g a
NP

∈[0.2, 0.6] GeV2

g a
NP

= 0.4 GeV2

{g u v
NP

, g dv
NP

, g u s
NP

, g ds
NP

, g s
NP

}

We consider :



“Z-equivalent” sets

20 40 60 80

500

1000

1500

2000

• generate pTZ spectrum with flavour-independent set


• assign CDF and ATLAS uncertainty to each bin


• generate pTZ spectrum with the 50 flavour-dependent sets


• '2-select “Z-equivalent“ sets (48 for CDF, 30 for ATLAS)


➡ keep only those fulfilling both criteria ('2/d.o.f. < 1.3)

NLL+LO QCD curves obtained through a modified version of the 

DYqT code [Bozzi, Catani, deFlorian, Ferrera, Grazzini (2009,2011)]


(Tevatron 1.96 TeV & LHC 7 TeV)



• Take the “Z-equivalent” flavour-dependent 
parameter sets and compute low-statistics (135M) 
mT and pTl distributions


➡ these are our pseudodata


• Take the flavour-independent parameter set and 
compute high-statistics (750M) mT and pTl 
distributions for 30 different values of MW


➡  these are our templates 

• perform the template fit procedure and 
compute the shifts induced by flavour effects


• transverse mass: zero or few MeV shifts, generally 
favouring lower values for W- (preferred by EW fit)


• lepton pt: quite important shifts (W+ set 3: 9 MeV, 
envelope: up to 15 MeV)

Impact on the determination of MW

NLL+LO QCD analysis obtained through a modified version of the 

DYRes code [Catani, deFlorian, Ferrera, Grazzini (2015)]


(LHC 7 TeV, ATLAS acceptance cuts)


Statistical uncertainty: 2.5 MeV 

Bacchetta, Bozzi, Radici, Ritzmann, Signori (arXiv:1807.02101)

3

which is flavor independent (but, in principle, di↵erent
for quarks and gluons), and ga is the genuine flavor-
dependent contribution. Information on gevo can be de-
duced from Ref. [13], where the TMD PDF was extracted
from the global fit of SIDIS, Drell-Yan and Z-production
data (gevo corresponds to g2/4 in Ref. [13]). At Q = MW

and Q0 = 1 GeV, we have gevo ln(Q2/Q2
0) ⇡ 0.3 GeV2.

In order to account for the uncertainties a↵ecting the de-
termination of gevo, we choose to consider the interval
[0.2, 0.6] GeV2 as a reasonable range and we vary ga in
Eq. (2) such that the gaNP values fall into this range.

Thus, we generate random widths in the allowed
range for the considered five flavors. We build 50 sets
of flavor-dependent parameters together with a flavor-
independent set where all the parameters are put equal
to the central value of the variation range, gaNP = 0.4
GeV2. Our analysis is performed by first selecting
“Z-equivalent” sets, and then making a template fit, as
detailed here below.

Selection of “Z-equivalent” sets. For proton-proton
collisions at

p
s = 7 TeV, we generate pseudodata for

the qT distribution of the Z boson (22 bins similar to
the ATLAS ones [23]) using the flavor-independent set in
the DYqT code at O(↵s) and NLL accuracy. We do the
same for proton-antiproton collisions at

p
s = 1.96 TeV

(72 bins similar to the CDF ones [22]). We assign to each
of the qT bins an uncertainty equal to the experimental
one. We compute the qT distribution in the same con-
ditions also for each of the 50 flavor-dependent sets. We
calculate the �2 between each of these 50 distributions
and the pseudodata generated by the flavor-independent
set. We retain only those flavor-dependent sets that
have a �2 < 80 on the “CDF-like” bins (�2/d.o.f. < 1.1)
and a �2 < 44 on the “ATLAS-like” bins (�2/d.o.f. < 2).
The first criterion selects 48 flavor-dependent sets out
of 50; only 30 sets out of 50 match the second one,
because the ATLAS data have smaller (experimental)
uncertainties. We keep those flavor-dependent sets that
fullfil both criteria. When considering all the bins, these
sets have a total �2 < 124 on the pseudodata (�2/d.o.f.
< 1.3). In practice, these selected flavor-dependent sets
are equivalent to the flavor-independent one (with which
the Z pseudodata are generated) at approximately
2� level. Not surprisingly, this result implies that
the Z boson data alone are not able to discriminate
between flavor-independent and flavor-dependent sets of
nonperturbative parameters. Data from flavor-sensitive
processes are needed, in particular from SIDIS [40–43].

Template fit. Following the scheme introduced
in [26, 44], we perform a template fit to estimate the
impact of our “Z-equivalent” flavor-dependent sets on
the determination of MW . We use the DYRes code at the
same accuracy (NLL at small transverse momentum and
O(↵s) at large transverse momentum) and kinematics as

before, using the MSTW2008 NLO PDF set [45], setting
central values for the renormalization, factorization and
resummation scales µR = µF = µres = MW , and
implementing ATLAS acceptance cuts on the final-state
leptons [23]. In DYRes, the singularity of the resummed
form factor at very large values of bT (bT & 1/⇤QCD) is
avoided by the usual b⇤ prescription [2]. Similarly, the
correct behavior at very low bT is enforced by modifying
the argument of the logarithmic terms as in Refs. [37, 39].
The form factor in Eq. (2) is usually interpreted as the
nonperturbative contribution to TMD resummation for
bT & 1/⇤QCD. We generate templates with very high
statistics (750 M events) for the mT , pT ` distributions1

with di↵erent MW masses in the range 80.370 GeV
 MW  80.400 GeV, using the flavor-independent
set for the nonperturbative parameters. Then, for
each “Z-equivalent” flavor-dependent set we generate
pseudodata with lower statistics (135 M events) for
the same leptonic observables with the fixed value
MW = 80.385 GeV. Finally, for each pseudodata set we
compute the �2 of the various templates and we identify
the template with minimum �2 in order to establish how
large is the shift in MW induced by a particular choice
of flavor-dependent nonperturbative parameters. The
statistical uncertainty of the template-fit procedure has
been estimated by considering statistically equivalent
those templates for which ��2 = (�2

� �2
min)  1.

Consequently, we quote an uncertainty of 2.5 MeV for
each of the obtained MW shifts.

Impact on the MW determination.

The outcome of our template fit is summarized in
Tabs. I and II for 5 representative sets out of the 30
“Z-equivalent” sets. The former table lists the values of
the gaNP parameter in Eq. (2) for each of the 5 considered
flavors a = uv, dv, us, ds, s = c = b = g. The latter table
shows the corresponding shifts induced in MW when ap-
plying our analysis to the mT , pT ` distributions for the
W+ and the W� production at the LHC (

p
s = 7 TeV).

Set uv dv us ds s
1 0.34 0.26 0.46 0.59 0.32
2 0.34 0.46 0.56 0.32 0.51
3 0.55 0.34 0.33 0.55 0.30
4 0.53 0.49 0.37 0.22 0.52
5 0.42 0.38 0.29 0.57 0.27

TABLE I: Values of the gaNP parameter in Eq. (2) for the
flavors a = uv, dv, us, ds, s = c = b = g. Units are GeV2.

As expected, the shifts induced by the analysis per-

1
Our analysis is performed on 30 bins in the interval [60, 90] GeV

for mT and on 20 bins in the interval [30, 50] GeV for pT `.
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�MW+ �MW�

Set mT pT ` mT pT `

1 0 -1 -2 3
2 0 -6 -2 0
3 -1 9 -2 -4
4 0 0 -2 -4
5 0 4 -1 -3

TABLE II: Shifts in MW± (in MeV) induced by the cor-
responding sets of flavor-dependent intrinsic transverse mo-
menta outlined in Tab. I (Statistical uncertainty: 2.5 MeV).

formed on pT ` are generally larger than for the mT case,
since the latter is less sensitive to qWT -modelling e↵ects.

For set 3, the shift induced on MW+ by the pT ` analy-
sis is 9 MeV, its size is particularly large if compared to
the corresponding uncertainty quoted by ATLAS (3 MeV).
In general, taking also into account the statistical uncer-
tainty of our analysis, the absolute value of the shifts
induced when considering the pT ` observable could ex-
ceed 10 MeV. For MW� the shifts are less significant and
fall within a 2-� interval around zero.

In the kinematic conditions under consideration, W+

bosons are dominantly produced by a ud̄ partonic pro-
cess, with the u coming from the valence region. As
a consequence, we observe that sets characterized by a
larger value of the combination guv

NP + gds
NP (sets 3 and

5) lead to positive shifts in the value of MW+ , while sets
with a smaller value of guv

NP + gds
NP (set 2) lead to neg-

ative shifts. For W� the situation is less clear, because
the dominant partonic channel is ūd, with similar con-
tributions from the valence and sea components of the
d quark. It seems that sets with smaller values of the
sum of gus

NP + gdv
NP + gus

NP + gds
NP (sets 3, 4, 5) lead to to

negative shifts in the value of MW+ . Set 1 has a large
value of the of the sum of gus

NP + gdv
NP + gus

NP + gds
NP and

leads to a positive shift in MW+ . Set 2, however, violates
the expectations based on these simple arguments.

Di↵erent flavor-dependent sets may induce artificial
asymmetric shifts for MW+ and MW� in the flavor-
independent template fits. For instance, if MW� > MW+

(which corresponds to the ATLAS findings [23]) a template
fit to the pT ` observable based on sets 1 and 2 would
lead to di↵erent shifts �MW� > �MW+ such that
the di↵erence between the two masses is enhanced. In
this case, a fit with the corresponding flavor-dependent
nonperturbative contributions would lead to a reduction
of the mass gap. On the contrary, using sets 3-5 one
would obtain the opposite result.

Outlook and future developments.

In this work, we investigated the uncertainties on the
determination of MW at the LHC induced by a possi-
ble flavor dependence of the partonic intrinsic transverse
momentum. From these outcomes, we point out that a
“flavor-blind” data analysis may not be a su�ciently ac-

curate option, especially when a total uncertainty lower
than 10 MeV is expected for MW at the LHC [46].

Future data from flavor-sensitive processes such as
SIDIS (from the 12 GeV upgrade at Je↵erson Lab [47],
from the COMPASS collaboration [48], and from a future
Electron-Ion Collider with both proton and deuteron
beams [42, 43]) will shed new light on the flavor de-
composition of the unpolarized TMD PDF. These low-
energy SIDIS data involve also the study of the flavor
dependence in the fragmentation function (the unpolar-
ized TMD FF). Therefore, new data from semi-inclusive
e+e� annihilation will also be needed for the flavor de-
composition of the TMD FF [36].

All these data will improve our knowledge of the
partonic structure of hadrons, and may help in reducing
the uncertainties in precision measurements at high
energies.
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• First flavour-dependent study of the impact of intrinsic transverse 
momentum on the determination of the W mass


• Flavour effects are both important and detectable: no “flavour-
blind” analysis allowed


• Future: possible flavour effects on W mass at LHCb, on CC/NC 
ratios (i.e., ptW/ptZ), …

Outlook


