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Deuteron Scattering Experiments in CTEQ-JLab 
and CTEQ-TEA Global QCD Analyses
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I studied the impact of deuteron DIS data on 
CJ and CT NLO fits

1. With no deuteron correction (no d.c.) 
2. With fixed deuteron correction (fixed d.c.) 
3. With free deuteron correction (free d.c.) 
4. Without certain experiments (no  DIS, 

SLAC DIS, W rapidity asymmetry)
νA

I compared CJ and CT PDF fits on 
the same footing using the  

sensitivity method (arXiv: 
2102.01107 [hep-ph]).
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HERA DIS

Inclusive jets

Fixed-target DIS & DY

,  𝒕𝒕̄ 𝒁 𝒑𝑻

W, Z prod.  {
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The CT18NNLO analysis 
(arXiv: 1912.10053),  

indicates that d, u, g and 
other flavors at , 

receive strong constraints 
from fixed target deuteron 

DIS data.


These constraints affect 
PDFs at  

via the sum rules.

x > 0.3

x ≈ 0.01 − 0.05
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Correlations of the weak mixing angle at the LHC with the CT PDFs
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Left: The weak mixing angle determined from A_FB at the LHC is strongly correlated with to  and  
at 

Right: The Lagrangian multiplier method identifies that the BCDMS d and NMC rat data sets strongly 
effect the  at .

uval dval
x ∼ 0.01 − 0.05

dval x = 0.03
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Deuteron DIS Experiments in the CJ and CT analyses

Intermediate and large-x regions of 
deuteron DIS data are affected by 
nuclear dynamics.

CJ implements a detailed model of 
nuclear effects at NLO

CT implements NNLO contributions 
and a larger data set

CT

CJ
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Deuteron Corrections: Theory

The isoscalar approximation to the deuteron PDF  is modeled based on 
the proton PDF .

f d
a(x, Q2)

fp
a(x, Q2)

In addition, complete treatment of the deuteron correction must include:

• virtuality of struck bound nucleon (off-shellness) 

• relativistic Fermi motion

• nuclear wave function 
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In the CJ PDFs
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Deuteron Corrections: Implementation
CJ

The deuteron correction is treated as nuclear 
wave-function effect, computed as the 
convolution of the bound nucleon’s parton 
distributions and a nucleonic “smearing 
function” 
f d(x, Q2) = ∫

dz
z ∫ dp2

N 𝒮N/d(z, p2
N) f̃N(x/z, p2

N, Q2)



Off-shell function

• Energy independent

• Satisfy quark-number sum rule. 

δf(x) = C(x − x0)(x − x1)(1 + x0 − x)




: PDF of the free, on-shell nucleon 

 term: off-shell effect

f̃ q/N(y, p2
N, Q2) = fN(y, Q2) +

p2
N − M2

N

M2
N

δf(y, Q2) + O(ω2)

fN(y, Q2)
O(ω)
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Dynamic nuclear correction
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Deuteron Corrections: Implementation

The default CT is only weakly sensitive 
to the deuteron correction due to its W 

cut.
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Dynamic nuclear correction

A variation of CT (fixed d.c.) adopts the 
fixed deuteron correction.
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How to make CJ and CT fits as similar as possible?

• CT NNLO -> NLO

• Uses tier 1 penalty only

• CT can apply a fixed deuteron correction


• CJ uses default NLO

• CJ can apply a free/ fixed deuteron correction


• Both generate Hessian PDF sets for .

• Compare  pulls from large groups of experiments

T2 = 10
χ2

We made the changes in the default CJ and CT 
frameworks to enable their comparisons
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Selected experiment groups Various types of fits performed

 for CJ w/w.o. deuteron correctionχ2  for CT w/w.o. k-factor deuteron correctionχ2
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How can we isolate pulls of various experiments on 
the PDFs in the complicated global fits?

We apply the Hessian sensitivity method(TJ Hobbs et al, 
arXiv:1904.00022)
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It is a linear approximation for   of a certain experiment E when some 
PDF  at some  increases by its +68% c.l. Hessian PDF uncertainty. 

Definition:  

Correlation:  

 
 

(  is the number of pdf parameters)


 is fast to calculate, and with good accuracy.

Δ(χ2
E)

fa(x, Q) (x, Q)

SensE,f,L2
(x, Q) = | ⃗∇χ2

E |cos(⟨ ⃗∇χ2
E , ⃗∇f⟩)

CorrE,f(x, Q) = cos(⟨ ⃗∇χ2
E , ⃗∇f⟩)⃗∇χ2

E = {χ2
E( ⃗a 2*i+1) − χ2

E( ⃗a 2*i), i ∈ {1..N}}⃗∇f = {f(x, Q)( ⃗a 2*i+1) − f(x, Q)( ⃗a 2*i), i ∈ {1..N}}
N

SensE,f,L2
(x, Q)

 Sensitivity L2 SensE,f,L2
(x, Q)
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Correlation measures the 
cosine of the angle between 
the gradients of quantities 

 in the adjusted PDF 
parameter space.

X, Y

Understand the correlation /  sensitivityL2

 is the 
projection of the ’s gradient 

onto ’s gradient in the 
adjusted PDF parameter 

space.

SensE,f,L2
(x, Q)

X
Y

Eigenvector directions of the Hessian matrix
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Sensitivity to d/u for CJ15 without (left) and with (right) fixed deuteron correction

Nuclear correction reduces competing  pulls at high x, leads to the reduction of 
the error band.

L2

16Xiaoxian Jing, Southern Methodist University, DIS-2021, 2021-04-13



Sensitivity to d/u for CT18 without (left) and with (right) fixed nuclear correction

Nuclear correction in CT case doesn't reduce tension that much but has some impact on 
 and pulls of some experiments, such as DIS deuterium.χ2

E
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Sensitivity to g for CJ with fixed (left) and CT fixed (right) deuteron correction
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The PDF sensitivity is a statistical indicator that quantifies constraints from 
experiments on PDFs in CTEQ global PDF fits. 


The sensitivity method is applied to understand the origin of pulls on ,  
and other flavors in the CJ and CT fits. Pulls are affected by the nuclear 
correction in fixed-target DIS.


The treatment of nuclear effects at large x in PDF fits affects the PDF 
uncertainties in LHC electroweak precision measurements.


The deuteron corrections, while comparable to uncertainties in the modern 
NNLO fits, will play a more important role in the future.

d/u g

Summary
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Thank you for you attention!
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Backup
CT and CJ experiments

CT CTCJ CJ
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No first principle prediction for PDFs.  

For CTEQ-TEA (Tie-Jiun Hou et al, arXiv:1908.11394) and CTEQ-JLab (JF Owens et al, 

arXiv:1212.1702) PDF parameterizations take the form: 



Dynamic flavors at initial scale  ~ 1GeV: u, d, s, g and anti-quarks 

PDF parameterizations contain large number of parameters: 
24 in CJ15, 29 in CT18, and it’s a complicated process.

fi(x, Q = Q0) = a0,ixa1,i(1 − x)a2,iP(x, a...,i)

Q0

PDF Fits
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Ltot
2,f = ∑

E

LE
2,f ≈ 0

CT

• Tier-1 penalties only

• Switch to NLO

• Fixed  
Δχ2 = 10

CJ

• Adjust non-gaussian 

eigen-directions

• Fixed  
Δχ2 = 10
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