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PDFSense program, article, and figures:
http://tinyurl.com/PDFSense

P. Nadolsky, xFitter workshop, Krakow



Beyond CT14 parton distributions
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• Ongoing work toward the new CTEQ-TEA PDF analysis 

[T.-J, Hou, DIS’2018 workshop]

• CT14 QEDinc PDFs: constraints on photon PDFs in the nucleon 
[1509.02905]

• CT14 MC PDFs: Monte-Carlo replicas for certain applications 
[1607.06066]

• CT14 HERA2 PDFs: effects of combined HERA1+2 data [1609.07968]

• CT14 IC PDFs: intrinsic/fitted charm component [1706.00657]

• NLO calculation for 𝑐𝑐, 𝑏𝑏 production at LHCb, ATLAS in the S-ACOT-𝜒𝜒

• scheme using MCFM/Applgrid [Campbell, P. N., Xie, arXiv:1803.xxxxx]

• NNLO fast interface for charged-current DIS [Gao et al.]

• Programs for fast survey [PDFSense, this talk] and Hessian reweighting of the 

data [ePump] P. Nadolsky, xFitter workshop, Krakow



How sensitive is an experiment to a PDF?
Can we know it before doing the global fit?
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PDFSense estimates…
…ranking of strength of sensitivities of 
experimental data sets to PDF flavors 
without (re-)doing the full global fit

…kinematical distributions of sensitivities 
to the PDFs in the {𝑥𝑥, 𝜇𝜇} plane

Sensitivity to the PDF error 
on 𝜎𝜎(𝑝𝑝𝑝𝑝 → 𝐻𝐻0𝑋𝑋) at 14 TeV



PDFSense: motivation
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considered for 
the CTEQ-TEA 
fit (𝑁𝑁𝑑𝑑=734 
points from 
ATLAS, CMS, 
LHCb)

Experiments are labeled according to the experimental ID’s in the CT fit

1xx: DIS,  2xx: vector boson production, 5xx: jet and 𝑡𝑡 ̅𝑡𝑡 production

in the CT14 
HERA2 
NNLO fit 
(𝑁𝑁𝑑𝑑 =3250 
points)



Experiments in the CT14 HERA2 fit
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Candidate experiments in the 
CTEQ-TEA fit

𝑁𝑁𝑑𝑑 is the number of data points
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The CTEQ-TEA fitting code underwent significant upgrades to solve this challenge 

We also developed a simple test to identify high-value experiments that must be 
included in the global fit as the first priority. 

Including up to 48 experiments 
at NNLO QCD accuracy with 
many free PDF parameters 
incurs significant costs in 
complexity and CPU time. 



Example: a predictive simple test in the US political science 
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 PDF reweighting
 Hessian profiling
 Generalized correlations (sensitivities 
𝑺𝑺𝒇𝒇) comparing experimental and 
CT14HERA2 PDF uncertainties

 Based on the output from the CT14HERA2 
fit in a new format (shifted residuals for 
Hessian PDFs)

PDFSense: operating principles
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Hessian method: Pumplin et al., 2001
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𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ≡ 𝐶𝐶𝑐𝑐𝐶𝐶𝐶𝐶[𝑋𝑋,𝑌𝑌] -- realization of the Pearson correlation 
coefficient in the Hessian method



Correlations carry useful, but limited information
Correlation between 𝜎𝜎𝑊𝑊/𝜎𝜎𝑍𝑍 and f(x,Q=85 GeV) CTEQ6.6 [arXiv:0802.0007]:

cos𝑐𝑐 > 0.7 shows that the 
ratio 𝜎𝜎𝑊𝑊/𝜎𝜎𝑍𝑍 at the LHC must 
be sensitive to the strange 
PDF 𝑐𝑐(𝑥𝑥,𝑄𝑄)

cos𝑐𝑐 ≈ ±1 suggests that a 
measurement of 𝑋𝑋 may
impose tight constraints on 𝑌𝑌

But, Corr[X,Y] between theory 
cross sections 𝑋𝑋 and 𝑌𝑌 does 
not tell us how the 
experimental uncertainty on 𝑋𝑋
affects 𝑌𝑌
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Solution: choose 𝑋𝑋 = a shifted residual 𝐶𝐶𝑖𝑖
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The 𝜒𝜒2(a) for experiment 𝐸𝐸 is

𝜒𝜒2 �⃗�𝑎 = �
𝑖𝑖=1

𝑁𝑁𝑑𝑑

𝐶𝐶𝑖𝑖2 �⃗�𝑎 + �
𝛼𝛼=1

𝑁𝑁𝜆𝜆

𝜆𝜆𝛼𝛼
2
�⃗�𝑎 ≈�

𝑖𝑖=1

𝑁𝑁𝑑𝑑

𝐶𝐶𝑖𝑖2 �⃗�𝑎

𝐶𝐶𝑖𝑖(�⃗�𝑎) = 𝑇𝑇𝑖𝑖 𝑎𝑎 −𝐷𝐷𝑖𝑖
𝑠𝑠𝑠(𝑎𝑎)

𝑠𝑠𝑖𝑖
is a shifted residual for point 𝑖𝑖, PDF parameters �⃗�𝑎

̅𝜆𝜆𝛼𝛼(�⃗�𝑎) are 𝑁𝑁𝜆𝜆 optimized nuisance parameters (dependent on �⃗�𝑎)

𝑇𝑇𝑖𝑖 �⃗�𝑎 is the theory prediction for PDF parameters �⃗�𝑎
𝐷𝐷𝑖𝑖𝑠𝑠𝑠 is the data value including the optimal systematic shift

𝐷𝐷𝑖𝑖𝑠𝑠𝑠(�⃗�𝑎) = 𝐷𝐷𝑖𝑖 − �
𝛼𝛼=1

𝑁𝑁𝜆𝜆

𝛽𝛽𝑖𝑖𝛼𝛼�̅�𝜆𝛼𝛼(�⃗�𝑎)

𝑐𝑐𝑖𝑖 is the uncorrelated error
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The CTEQ-TEA fit returns tables of 𝐶𝐶𝑖𝑖(�⃗�𝑎) and �̅�𝜆𝛼𝛼(�⃗�𝑎) for every 𝑖𝑖 and 𝛼𝛼

Alternatively, they can be found from the covariance matrix:

𝑁𝑁𝑝𝑝𝑝𝑝 𝑁𝑁𝑝𝑝𝑝𝑝

Solution: choose 𝑋𝑋 = a shifted residual 𝐶𝐶𝑖𝑖



Correlation 𝐶𝐶𝑓𝑓 and sensitivity 𝑆𝑆𝑓𝑓
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𝛻𝛻f

𝛻𝛻𝐶𝐶𝑖𝑖
𝐶𝐶0 𝐸𝐸

𝑆𝑆𝑓𝑓

Given 2𝑁𝑁 + 1 Hessian 
eigenvectors for the shifted 
residual 𝐶𝐶𝑖𝑖 and PDF-dependent 
quantity 𝑓𝑓,  define:

• �⃗�𝜌𝑖𝑖 ≡ �𝛻𝛻𝐶𝐶𝑖𝑖 𝐶𝐶0 𝐸𝐸 -- conveniently 
normalized to 𝐶𝐶0 𝐸𝐸, the root-
mean-squared residual for the 
experiment 𝐸𝐸

𝐶𝐶0 𝐸𝐸 ≡
1
𝑁𝑁𝑑𝑑

�
𝑖𝑖=1

𝑁𝑁𝑑𝑑

𝐶𝐶0,𝑖𝑖
2 ≈

𝜒𝜒𝐸𝐸2

𝑁𝑁𝑑𝑑
𝐶𝐶0 𝐸𝐸 ≈ 1 in a good fit to 𝐸𝐸



Correlation 𝐶𝐶𝑓𝑓 and sensitivity 𝑆𝑆𝑓𝑓
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𝛻𝛻f

𝛻𝛻𝐶𝐶𝑖𝑖
𝐶𝐶0 𝐸𝐸

𝑆𝑆𝑓𝑓
• 𝐶𝐶𝑓𝑓 ≡Corr 𝜌𝜌𝑖𝑖(�⃗�𝑎)),𝑓𝑓(�⃗�𝑎) = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝐶𝐶𝑓𝑓 is independent of the 
experimental and PDF uncertainties

Given 2𝑁𝑁 + 1 Hessian vectors 
for the shifted residual 𝐶𝐶𝑖𝑖 and 
PDF-dependent quantity 𝑓𝑓,  
define:

• 𝑆𝑆𝑓𝑓 ≡ �⃗�𝜌𝑖𝑖 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐶𝐶𝑓𝑓
Δ𝑟𝑟𝑖𝑖
𝑟𝑟0 𝐸𝐸

-- projection of �⃗�𝜌𝑖𝑖(�⃗�𝑎) on 𝛻𝛻𝑓𝑓

𝑆𝑆𝑓𝑓 is proportional to cos𝑐𝑐 and the ratio of the PDF uncertainty 
to the experimental uncertainty. We can sum |𝑆𝑆𝑓𝑓|.



Absolute correlation 𝐶𝐶𝑓𝑓 for 𝑓𝑓 = 𝑔𝑔(𝑥𝑥𝑖𝑖 , 𝜇𝜇𝑖𝑖)
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The PDFs are evaluated at the same {𝑥𝑥, 𝜇𝜇} as each data point 

443 data points have a strong correlation, taken to be 𝐶𝐶𝑓𝑓 > 0.7.



Absolute correlation 𝑆𝑆𝑓𝑓 for 𝑓𝑓 = 𝑔𝑔(𝑥𝑥𝑖𝑖 , 𝜇𝜇𝑖𝑖)
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990 data points have a strong sensitivity, taken to be 𝑆𝑆𝑓𝑓 > 0.25 and 
contributing Δ𝜒𝜒2 ≳ 0.0625. These points likely contribute to the constraint. 



Only showing 𝐶𝐶𝑓𝑓 > 0.7, 𝑆𝑆𝑓𝑓 > 0.25
𝐶𝐶𝑓𝑓 does not identify fixed-target DIS points sensitive to 𝑔𝑔(𝑥𝑥𝑖𝑖 ,𝜇𝜇𝑖𝑖). But 𝑆𝑆𝑓𝑓 does.

Corr. syst. errors smear 𝑆𝑆𝑓𝑓 over many data points for jet production, etc.





 heavy quark
production proceeds 
through boson 
fusion diagrams: 
charm sensitivities 
closely track the 
gluon plot



 Good correlations 
with some points in 
HERA DIS, E866, 
CCFR, 𝑍𝑍 𝑝𝑝𝑇𝑇 and 𝑡𝑡 ̅𝑡𝑡
production; but 
fewer points, larger 
exp. errors in 
these processes

 We find CMS/ATLAS 
inclusive jet 
production to have 
the dominant 
sensitivity!

Higgs boson 
production



 some contribution at 
high x from CMS 
inclusive jet 
production

 PDF ratio is 
sensitive to flavor 
symmetry breaking 
in the light quark sea

 the large E866 
pd/pp sensitivity 
degrades at 
larger x

 this is a prime 
motivation for 
higher x DY 
measurements 
at E906
(SeaQuest)



 Constraints on 
𝑐𝑐(𝑥𝑥, 𝜇𝜇) are weaker 
than on the other 
flavors

 NuTeV, CCFR 
dimuon SIDIS most 
sensitive

 Sensitivities of 
vector boson 
production, jets are 
comparable



Summary tables: sample ranking

HERA
CMS jets 8
CCF3 F3p
CMS jets 7
BCDMS F2p
NMC
BCDMS F2d
CDHSW
E605

Z pT 7 TeV
HERA 𝐹𝐹𝐿𝐿

𝑡𝑡 ̅𝑡𝑡
CDF WASY (2005)

𝑡𝑡 ̅𝑡𝑡
HERA  𝑏𝑏

Experiments are listed in the descending order of the summed sensitivities to 
�̅�𝑑, �𝑢𝑢,𝑔𝑔,𝑢𝑢,𝑑𝑑, 𝑐𝑐

For each flavor, A and 1 indicate the strongest total sensitivity and strongest 
sensitivity per point

C and 3 indicate marginal sensitivities; low sensitivities are not shown

Good per-point 𝑆𝑆𝑓𝑓 , small 𝑁𝑁𝑑𝑑



 Several 1st PDF 
moments can 
be computed 
on the lattice; 
𝑆𝑆𝑓𝑓 suggests 
𝑥𝑥 𝑢𝑢+−𝑑𝑑+ is 

constrained 
weakly, 
primarily by 
𝑝𝑝,𝑑𝑑 fixed-target 
DIS and DY

 higher 
moments shift 
sensitivities 
rightward

𝑥𝑥𝑛𝑛 𝑢𝑢+−𝑑𝑑+ ≡ �
0

1
𝑑𝑑𝑥𝑥 𝑥𝑥𝑛𝑛 𝑢𝑢+ 𝑥𝑥, 𝜇𝜇 − 𝑑𝑑+(𝑥𝑥, 𝜇𝜇)

“LHeC”



Visualizing LHeC constraints

28

upper

lower

LHeC pseudodata from 
M. Klein and V. Radescu
( 𝑐𝑐 = 0.49, 1.3 TeV; 
𝐿𝐿 = 0.1 𝑎𝑎𝑏𝑏−1; 1 year of running)

For all flavors: 
NC DIS: good  𝑆𝑆𝑓𝑓 for 
𝑥𝑥 < 0.005; 
Lower 𝑆𝑆𝑓𝑓 at 𝑥𝑥 >
10−2, large 𝑦𝑦

CC DIS: great 𝑆𝑆𝑓𝑓 at 
𝑥𝑥 > 10−2, medium 𝑦𝑦

PRELIMINARY

P. Nadolsky, xFitter workshop, Krakow2018-03-05



Visualizing LHeC constraints

29

Exceptional sensitivity in CC 
DIS to 𝑑𝑑(𝑥𝑥) at 𝑥𝑥 → 1!

Great potential to constrain 
𝑑𝑑(𝑥𝑥)/𝑢𝑢(𝑥𝑥) at 𝑥𝑥 → 1,
𝑥𝑥 𝑢𝑢+−𝑑𝑑+ for lattice QCD 

comparisons

PRELIMINARY
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Visualizing LHeC constraints
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Some sensitivity to 𝑐𝑐(𝑥𝑥, 𝜇𝜇) at 
𝑥𝑥 < 0.1, 𝜇𝜇 < 40 GeV 

Current data are insensitive 
to 𝑇𝑇3(𝑥𝑥, 𝜇𝜇) and 𝑇𝑇8(𝑥𝑥, 𝜇𝜇) at 
𝑥𝑥 < 10−3, 𝑄𝑄 < 10 GeV

⇒ All 𝑢𝑢, 𝑑𝑑, 𝑐𝑐
(anti)quark 𝑆𝑆𝑓𝑓 are 
roughly the same 
at such {𝑥𝑥,𝑄𝑄}

2018-03-05
P. Nadolsky, xFitter workshop, Krakow



Visualizing LHeC constraints
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Good sensitivity to 
𝑔𝑔 𝑥𝑥,𝑄𝑄 at 𝑥𝑥 < 10−2!

Similar {𝑥𝑥, 𝜇𝜇} maps for �𝑢𝑢, �̅�𝑑
PRELIMINARY

2018-03-05 P. Nadolsky, xFitter workshop, Krakow
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𝛻𝛻f

𝛻𝛻𝐶𝐶𝑖𝑖
𝐶𝐶0 𝐸𝐸

𝑆𝑆𝑓𝑓

𝑆𝑆𝑓𝑓 is a projection of a 
residual gradient 𝛻𝛻𝐶𝐶𝑖𝑖
onto the direction for 𝛻𝛻𝑓𝑓.

𝑆𝑆𝑓𝑓 captures a small part 
of information about the  
28- (or 56)-dimensional 
population of 𝛻𝛻𝐶𝐶𝑖𝑖 for 4000 
data points

The underlying geometrical picture

PDFSense can export the normalized 𝛻𝛻𝐶𝐶𝑖𝑖 vectors 
(specifically, (𝐶𝐶𝑖𝑖,𝐿𝐿−𝐶𝐶𝑖𝑖,0)/〈𝐶𝐶0〉𝐸𝐸 for i = 1, 4000; 𝐿𝐿 = 1, 56) in the 
.TSV format to analyze the whole population of 𝛻𝛻𝐶𝐶𝑖𝑖 using 
machine learning tools

𝛻𝛻𝐶𝐶𝑖𝑖



TensorFlow Embedding Projector
http://projector.tensorflow.org
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Reads 2 .tsv files with 𝛻𝛻𝐶𝐶𝑖𝑖/ 𝐶𝐶0 𝐸𝐸 vectors and metadata (descriptions of data points)

Principal Component Analysis 
(PCA) visualizes the 56-dim. 
manifold by reducing it to 10 
dimensions (à la META PDFs)

t-distributed stochastic neighbor 
embedding (t-SNE) sorts 𝛻𝛻𝐶𝐶𝑖𝑖/ 𝐶𝐶0 𝐸𝐸
vectors according to their similarity
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CTEQ-TEA residuals               PCA
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CTEQ-TEA residuals               PCA
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CTEQ-TEA residuals               PCA

𝝁𝝁𝝁𝝁 SI
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