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Support of Feynman’s parton model; 
establishing QCD as theory of strong ints.

Discovery of electroweak bosons, e.g. 
(  discovery channel @ LHC)

Measuring quark flavor/polarization properties
gg → h

Crucial process for:Q2

σ ∝ blob2 ∝ |⟨l+, l−, X | ̂T |H1, H2⟩ |2

Calculable for Q2 ≫ Λ2
QCD



Consider a hadron with large longitudinal momentum R. Feynman, PRL 23, 1415 (1969) 
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Partons have momenta that scale like the hadron’s momentum  

pμkμ

kμ ∼ (p+, p−, M) + 𝒪(M/p+)

kμ ≈ ξpμ⇒ ξ ≡ k+/p+

(0 < ξ < 1)
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Parton model: DIS

Calculable in 
perturbation theory

Extracted from global 
fits/lattice QCD
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Parton model: DIS

Same ideas apply for DY Calculable in 
perturbation theory

Extracted from global 
fits/lattice QCD
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…does this all hold up when 
violating Lorentz invariance?

All-orders theorems of factorization

Direct probes of fundamental QCD 
and electroweak parameters

Extremely well measured
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Excellent processes to 
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Modified Dirac equation

Example:  and cμν
f a(5)μαβ

f

[(ημν + cμν
f )γμi∂ν − a(5)μαβ

f γμi∂αi∂β] ψf = 0
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Modified Dirac equation

Example:  and cμν
f a(5)μαβ

f
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ekµ = ⇠pµ
Standard parton-model 
relation no longer holds

Consistency with 
factorization, covariance, 
and Ward identities requires

[(ημν + cμν
f )γμi∂ν − a(5)μαβ

f γμi∂αi∂β] ψf = 0

⇒

k̃2 ≡ E2 − ⃗k2 + 𝒪(ckk
f , ± akkk

f ) = 0 (k ≉ ξp)!
kμ

f = ξ(pμ − cμp
f ) ± ξ2aμpp

f

Holds @ tree-level for 
electroweak interactions

“On-shell” quark momentum can 
be flavor, particle/antiparticle, 
and spin dependent in general



Sketch of factorization

Wμν
DY = ∫ d4xe−iq⋅x⟨p1, p2 | j†

μ(x)jν(0) |p1, p2⟩

jμ(x) = ψ̄(x)Γμχ(x) =
ψ̄(x)(ημν + cμν

f ) γν χ(x)

ψ̄(x)(γμ − ia(5)αβμ
f γα

↔
∂ β) χ(x)

k̃1 = ξ1p1

k̃2 = ξ2p2

q̃
∝ δ4(q̃ − k̃1 − k̃2)

Wick contractions, Fierz transformations, 
, dominant kinematics contributions…αs → 0

Wμν
DY ≈ ∫ dξ1dξ2 [Hμν

f (ξ1, ξ2)ff(ξ1)ff̄(ξ2) + (ξ1 ↔ ξ2)]⇒
Tree-level parton tensor w/LV insertions!

⇒



Sketch of factorization
Cross sections may thus be calculated as usual

dσ
dQ2

a(5)

=
4πα2

9Q4 ∑
f

e2
f ∫

1

0
dx [ τ

x
(1+EpAS) fS(x, τ/x) −

τ
x2

Ep [A′￼A fA(x, τ/x) + AA f′￼A(x, τ/x)]]
 = symmetric and antisymmetric combinations of the proton PDFs and their derivatives 


 are proportional to various components of 

f (′￼)
S,A

A(′￼)
S,A a(5)αβγ

f

The SM contribution depends on the actual proton energies only via the ratio 


The  contributions contain an explicit factor of the proton energy — DY scaling violation!

A similar enhancement (with somewhat more cumbersome formulas) is present in the DIS cross section

τ = Q2/s = Q2/4E2
p

a(5)



Simulated comparisons between DIS @ EIC and DY @ LHC

Renormalizable effects more sensitive to DIS @ EIC; 
nonrenormalizable more sensitive to DY @ LHC

Estimated sensitivities

σd ∝ (coefficient) × (Ecollider)d−4

× 10−5

× 10−6 GeV−1

V. A. Kostelecký, E. Lunghi, NS, A. R. Vieira, JHEP 04, 143 (2020)



Lorentz violation in Z-boson production
 representations for weak interactions:SU(2)L

1
2

icμν
Q Qγμ

↔
DνQ +

1
2

icμν
U Uγμ

↔
DνU +

1
2

icμν
D Dγμ

↔
DνD

Standard quark coefficients in previous slides are:

cμν
u = (cμν

Q + cμν
U )/2

cμν
d = (cμν

Q + cμν
D )/2

dμν
u = (cμν

Q − cμν
U )/2

dμν
d = (cμν

Q − cμν
D )/2

E. Lunghi, NS, A. Szczepaniak, A. R. Vieira,

JHEP 04, 228 (2021)

Only three independent coefficients!



Lorentz violation in Z-boson production
Free-propagation effects

1
2

iψ̄(ημν + cμν + dμνγ5)γμ
↔
∂νψ

k̃μ
L,R = (ημν + cμν ± dμν)kν



Lorentz violation in Z-boson production
Free-propagation effects

1
2

iψ̄(ημν + cμν + dμνγ5)γμ
↔
∂νψ

k̃μ
L,R = (ημν + cμν ± dμν)kν

L/R chiral components obey different dispersion relations! 

QED and QCD processes conserve parity: all  effects vanish in unpolarized processesdμν

Drell-Yan with  exchange offers an ideal opportunity to study the  coefficientsZ0, W± dμν⇒



Lorentz violation in Z-boson production
dσ

dQ2
=

4πα2

3Nc ∑
f [

e2
f

2Q4
+

1 − m2
Z /Q2

(Q2 − m2
Z)2 + m2

ZΓ2
Z

1 − 4 sin2 θW

4 sin2 θW cos2 θW
ef gfL

+
1

(Q2 − m2
Z)2 + m2

ZΓ2
Z

1 + (1 − 4 sin2 θW)2

32 sin4 θW cos4 θW
g2

fL] ∫ 1
τ

dx τ
x ̂σf + (L → R)



Lorentz violation in Z-boson production
dσ

dQ2
=

4πα2

3Nc ∑
f [

e2
f

2Q4
+

1 − m2
Z /Q2

(Q2 − m2
Z)2 + m2

ZΓ2
Z

1 − 4 sin2 θW

4 sin2 θW cos2 θW
ef gfL

+
1

(Q2 − m2
Z)2 + m2

ZΓ2
Z

1 + (1 − 4 sin2 θW)2

32 sin4 θW cos4 θW
g2

fL] ∫ 1
τ

dx τ
x ̂σf + (L → R)

γ
γ − Z0

Z0



Lorentz violation in Z-boson production
dσ

dQ2
=

4πα2

3Nc ∑
f [

e2
f

2Q4
+

1 − m2
Z /Q2

(Q2 − m2
Z)2 + m2

ZΓ2
Z

1 − 4 sin2 θW

4 sin2 θW cos2 θW
ef gfL

+
1

(Q2 − m2
Z)2 + m2

ZΓ2
Z

1 + (1 − 4 sin2 θW)2

32 sin4 θW cos4 θW
g2

fL] ∫ 1
τ

dx τ
x ̂σf + (L → R)

̂σf = (1 +
2
s

cμν
fL (1 + x2/τ)(p1μp1ν + p1μp2ν + (p1 ↔ p2))) [ff(x)ff̄(τ/x) + ff(τ/x)ff̄(x)]

+
2
s

cμν
fL (xp1μp1ν +

τ
x

p1μp2ν + (p1 ↔ p2)) [ff(x)f′￼f̄(τ/x) + f′￼f(τ/x)ff̄(x)]

cQ = cuL
= cdL

cU = cuR

cD = cdR

Evaluating in the collider frame shows dependence on only  (time independent) and  ( )c00
A c33

A A = Q, U, D

γ
γ − Z0

Z0



Lorentz violation in Z-boson production
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Strong sensitivity to  appears if we 
search on the Z-pole

dμν

(off the Z peak there is a residual sensitivity 
due to interference effects)

New ATLAS subgroup for Lorentz tests

Analysis in progress full Run-2 
luminosity profiles for sidereal signals of 

-pole quark Lorentz violation!Z



Conclusions

Development of consistent parton-level description 

Leading renormalizable spin independent and dependent coefficients 

CPT-violating and nonrenormalizable  coefficientsa(5)

Gluon sector, radiative corrections, DGLAP evolution?

SME parton distribution functions?

Higgs, top sector?

New interaction terms in EW and QCD?

You name it

The Drell-Yan process is ideal for parton-level Lorentz/CPT tests

Still much more to be done:



V. A. Kostelecký, Z. Li, (2019)

Vast majority of low-dimensional 
nonrenormalizable effects unstudied!


