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Bacchetta, Delcarro, Pisano, Radici, Signori 
arXiv:1703.10157

SIDIS

Drell-Yan

Z production

�
<latexit sha1_base64="K6TN0QtwKTsZA7Z02ziBhmygpSE="></latexit>

2<latexit sha1_base64="C9/QnQoacdZxl11ndUFd2MxVYYU="></latexit>

= 1.55

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


Improving our fitting 
framework
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Z production 
&  

 Drell-Yan

up to N3LL
theoretical predictions 

(not a fit yet)

   LHC data



Taking better care of                    
uncertainties 



Experimental uncertainties     

!5

statistic systematic

mi ± �i,stat ± �i,unc ± �(1)
i,corr ± · · · ± �(k)

i,corr
<latexit sha1_base64="cQuXvHLbPbe26PIuv+zncpZ7N5c="></latexit>

the central value of  
the i-th measurement 



Experimental uncertainties     
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covariance matrix

uncorrelated

multiplicativeadditive

mi ± �i,stat ± �i,unc ± �(1)
i,corr ± · · · ± �(k)

i,corr
<latexit sha1_base64="cQuXvHLbPbe26PIuv+zncpZ7N5c="></latexit>

correlated

�2 =
nX

i,j=1

(mi � ti)V
�1
ij (mj � tj)

<latexit sha1_base64="+VLmA3ThnQaAZYodELitSL0JGsA="></latexit> �(l)
i,corr ⌘ �(l)i,corrmi

<latexit sha1_base64="hg1moKjyfkXlIGerd1jrZfsj7Us="></latexit>

Vij = s2i �ij +

 
kaX

l=1

�(l)i,add�
(l)
j,add +

kmX

l=1

�(l)i,mult�
(l)
j,mult

!
mimj

<latexit sha1_base64="tkfgNc1AfqGiRcOvyC7udrMQ36U="></latexit>



      chisquare     
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recover the form of  
the uncorrelated definition  

systematic shift

penalty term

�
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di =
kX

↵=1

�↵�
(↵)
i,corr

<latexit sha1_base64="UXvWe4TtRvBs+gecXrvf4Z/H0IE="></latexit>

ti = ti + di
<latexit sha1_base64="M4PH0b/zBVTOsNOigwQlDR2dVeQ="></latexit>

shifted prediction 

@�2

@�↵
= 0

<latexit sha1_base64="n4yAPw3fL15aiVbX9Il5cpQLpME="></latexit>

nuisance  
parameters shift

�2 =
nX

i=1

✓
mi � ti

si

◆2

+
kX

↵=1

�2
↵

<latexit sha1_base64="Uao0RCFaTGHfAt/7aPLQ344bjTA="></latexit>



PDF uncertainty
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Hessian method
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MMHT2014 @nlo 

qT [GeV]
<latexit sha1_base64="JBl6zJhJEn5CJ+hMlTD9S3MHgeI="></latexit>

 [ATLAS 7 TeV]

0  |y|  1
<latexit sha1_base64="cTez+bNc/H0iufXsT0YjHDbmw60="></latexit>

NNLL 

∼ 2 %
PDF uncertainty



Hessian method
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MMHT2014 @nlo 
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∼ 1 %

PDF uncertainty ∼ 0.3 %

0  |y|  1
<latexit sha1_base64="cTez+bNc/H0iufXsT0YjHDbmw60="></latexit>



More and improved 
mathematical tools



Integrations
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integration over bins 
no narrow-width  
approximation

� =

Z Qmax

Qmin

dQ

Z ymax

ymin

dy

Z qT,max

qT,min

dqT


d�

dQdydqT

�

<latexit sha1_base64="38m35h2HElB3mFC0DQQpmyZkegE="></latexit>

Experiments measure quantities like:

y binning 
dataATLAS

in qT

integration over the range 
in boson rapidity 



Lepton cuts
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on the final-state leptons in Drell-Yan 

why are they 
necessary?

they make a  
HUGE  

difference

phase-space reduction factor  

pt � 20 GeV
<latexit sha1_base64="2Ph03HPZ9fUM4Ly0f4yCdyzSXEQ="></latexit>

⌘
<latexit sha1_base64="dPDmSaDaUY10qdvRcZ5jXDzMKwo="></latexit>

lepton rapidity

ATLAS
|⌘|  2.4

<latexit sha1_base64="+OHXwkk4wdmb4XxgB9BT/DNJZj8="></latexit> LHCb
2  |⌘|  4.5

<latexit sha1_base64="lmoRzh6hEbfzavP7BiCXdSxDB8M="></latexit>CMS
|⌘|  2.1

<latexit sha1_base64="/JskFoIEjjcUFsFUMFh0Me53qcw="></latexit>

P(Q, y, qT ) =

Z

fid. reg.
d⌦ gµ⌫? Lµ⌫

Z
d⌦ gµ⌫? Lµ⌫

<latexit sha1_base64="IvvfCGDMAnaMWY0dW/ysl8ESuuQ="></latexit>
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qT [GeV]
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N3LL

0  |y|  1
<latexit sha1_base64="rgLGEYCuSiK3t4fJMkVqlLxg0/k="></latexit>

ATLAS 7 TeV

without  
lepton cuts
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N3LL
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ATLAS 7 TeV



Preliminary results
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N3LL
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qT [GeV]
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Non-perturbative function
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Models - bT prescription

23

b̄?(bT ; bmin, bmax) = bmax

✓
1� e�b4T /b4max

1� e�b4T /b4min

◆

These choices guarantee that for
Q=1 GeV the TMD coincides with 

the NP model 

bmax , bT ! +1

bmin , bT ! 0

bmax = 2e��E

bmin = 2e��E/Q

 Nonperturbative TMD evolution

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

choice!
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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

Models - bT prescription
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µb =
C1

b̄⇤

C1 = 2 e��E bmax = C1 bmin =
C1

Q

f̃1NP(x, b
2
T ) =
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e�g1

b2T
4
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1� �g21

1 + �g1

b2T
4
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x
<latexit sha1_base64="RMAo+ZStbF6spyo6Z1Zm6DCvjLY="></latexit>

dependence g1(x) = N1
(1� x)↵x�

(1� x̂)↵x̂�
<latexit sha1_base64="/zG/d0vu6sDLeVNS1UmHvBN4/kY="></latexit>

b-min choice
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Davies-Webber-Stirling non-perturbative 
function
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DWS

no x
<latexit sha1_base64="RMAo+ZStbF6spyo6Z1Zm6DCvjLY="></latexit>

dependence
qT

Q
= 0.2
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PV17
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= 0.2



Current state-of-the-art
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ATLAS dataN3LL + NNLO

[10.1007/JHEP12(2018)132]

TMD collinear

matching 
region



Current state-of-the-art

!22

ATLAS dataN3LL + NNLO

�
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∼ 101

[10.1007/JHEP12(2018)132]
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with PDF uncertainties 
treated as

uncorrelated
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ATLAS 7 TeV



Pavia 2019 

!24

pre
lim

ina
ry

2 4 6 8 10 12 14 16
 [GeV]

T
q

0.02

0.025

0.03

0.035

0.04

0.045

0.05

0.055

CMS_8TeV_rev

Data
Theory
Theory + shifts

 = 1.2889442χ

1 �

d� dq
T


1

G
eV

�

<latexit sha1_base64="9P3TSbVI4wjms1POC6cYqxp/BXU="></latexit>

qT [GeV]
<latexit sha1_base64="JBl6zJhJEn5CJ+hMlTD9S3MHgeI="></latexit>

N3LL
CMS 8 TeV

qT

Q
= 0.3pre

lim
ina

ry
�

<latexit sha1_base64="K6TN0QtwKTsZA7Z02ziBhmygpSE="></latexit>

2<latexit sha1_base64="C9/QnQoacdZxl11ndUFd2MxVYYU="></latexit>

∼ 1.3
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we have encouraging preliminary results on 
theoretical predictions, 

so…

N3LL

state-of-the-art accuracy with a fitting 
framework
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we have encouraging preliminary results on 
theoretical predictions, 

so…

we are ready to fit!

N3LL

state-of-the-art accuracy with a fitting 
framework



Backup



Hessian formula
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�X =
1

2

0

@
NpX

i=1

⇥
X(S+

i )�X(S�
i )

⇤2
1

A

1
2

<latexit sha1_base64="Kg0nDW5dMlHqywPoBIWxSra44wA="></latexit>

X =
d�

dqT
<latexit sha1_base64="17F1aKsLs/zoY6KlAV/uqfSmNXc="></latexit>

X =
1

�

d�

dqT
<latexit sha1_base64="5BfZHSvN9xikleISplDWYPHk2xQ="></latexit>



DWS
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f̃DWS(x, b
2
T ) = e

�

g1+

g2
2 ln

✓
Q2

Q2
0

◆�
b2T
4

<latexit sha1_base64="6QTkOxpoO6Pc1OfHLmPLFySXu48="></latexit>

Davies-Webber-Stirling 
non-perturbative function


