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Outline and Instructions

2

• “I would suggest that your talk can cover a mix of current research, and where this 
work (or related past work) comes into contact with Lance”  

• Sounds difficult, but Lance’s breadth and influence makes this an easy task
Dixon, Harvey, Vafa, Witten NPB 261 (1985) Brooks, Dixon PRD 62 (2000) C. Berger et al PRL 106 (2011)
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• “I would suggest that your talk can cover a mix of current research, and where this 
work (or related past work) comes into contact with Lance”  

• Sounds difficult, but Lance’s breadth and influence makes this an easy task

My first suggested project from 
Lance as a grad student in 2000 

was in astro-particle physics:
Unitarization models

cross section needed to explain GZK events

Jain et al hep-ph/0001031

neutrino-nucleon cross sections 
in extra dimensions

The idea was to follow up on this work, 
check feasibility, think about low-x 

physics… never completed.



Outline and Instructions
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• “I would suggest that your talk can cover a mix of current research, and where this 
work (or related past work) comes into contact with Lance”  

• Sounds difficult, but Lance’s breadth and influence makes this an easy task

Eventually we 
published together on 

Drell-Yan at NNLO:

Anastasiou, Dixon, Melnikov FP PRL 91 (2003) Anastasiou, Dixon, Melnikov FP PRD 69 (2004) 

“Putting theory and experiment 
on the same plot”



Outline and Instructions
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• “I would suggest that your talk can cover a mix of current research, and where this 
work (or related past work) comes into contact with Lance”  

• Sounds difficult, but Lance’s breadth and influence makes this an easy task

And organized TASI 
2014 together:



Lance’s stats
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Foundational string theory

Modern understanding of one-
loop multi-leg amplitudes

The beginning of differential 
QCD at NNLO

Inspired by yesterday’s talk

Moonlighting as an 
experimentalist?



Energy correlators

• “I would suggest that your talk can cover a mix of current research, and where this 
work (or related past work) comes into contact with Lance”  

• Lance’s influence is so pervasive I can take literally the last paper I’ve written, and 
Lance has influenced this area.

Energy-energy 
correlators in the 

collinear limit

Moult, Zhu 2506.09119
Dixon, Moult, Zhu PRD 100 (2019)



Energy correlators

• Energy correlators provide a beautiful connection between formal theory, 
experiment and the field of perturbative calculations  in focus here.



Spin structure of the proton

• Major focus of upcoming Electron-Ion Collider (EIC) program is the spin 
structure of the proton. 

Many possible measurements 
that reveal aspects of proton 

structure

Boussarie et al TMD Handbook



Collinear structure of the proton
• Transversity distribution is the most poorly-determined leading-twist 

distribution function. Impacts potential BSM measurements of SMEFT dipole 
coefficients at the EIC.

Unpolarized collinear PDFs well-
known: NNPDF, MMHT, CT, etc.

Longitudinally-polarized PDFs 
also fairly well developed

2503.11814



Transverse structure of the proton
• Transversity distribution is the most poorly-determined leading-twist 

distribution function. Impacts potential BSM measurements of SMEFT dipole 
coefficients at the EIC.

Order-of-magnitude difference in 
two different ways of treating the 

Soffer bound

Boughezal, de Florian, FP 
Vogelsang PRD 107 (2023) 

Need transversity distributions for future 
dipole-moment searches at a future EIC



Transverse structure of the proton

• Sivers asymmetry arises from interaction of quarks with nucleon remnants and 
is sensitive to how gauge links change under initial-to-final state crossing. 

Efremov et al hep-ph/0412353



Transverse structure of the proton

• Sivers asymmetry arises from interaction of quarks with nucleon remnants and 
is sensitive to how gauge links change under initial-to-final state crossing. 

Efremov et al hep-ph/0412353

Testing this minus sign would show that we understand 
QCD beyond simple perturbation theory



Transverse structure of the proton

• Sivers asymmetry arises from interaction of quarks with nucleon remnants and 
is sensitive to how gauge links change under initial-to-final state crossing. 

Efremov et al hep-ph/0412353

SLAC connection: brings me back to my student days at SLAC when 
Stan would ask about the BLM scale during a seminar



Transverse structure of the proton
• Both the Sivers asymmetry and the possibility of probing dipole-moment new 

physics at the EIC are through single-spin asymmetries, and arise from the 
behavior of the SM under discrete symmetries.

Recall the transformations of quantum 
operators under parity and time-reversal:

<latexit sha1_base64="Vxfwxck+7cMwDmO712qyYw/sNdg="></latexit>

P cas~p P
�1 = cas�~p

T cas~p T
�1 = c⇤a�s

�~p

c is a c-number; time reversal 
is an anti-unitary operator

It is useful to also consider a linear transformation 
related to time-reversal invariance, often called 
“naive” time-reversal (Sivers 1996):

<latexit sha1_base64="8RCX/jqcDBWJy26aLUS7f8HEi1A=">AAACJXicbVDLSsNAFJ3UV62vqEs3g0VxYUsiRV0oVN24rGAf0KRhMp20QycPZiaFEvIzbvwVNy4sIrjyV5y0FbT1wMDhnHO5c48bMSqkYXxquaXlldW1/HphY3Nre0ff3WuIMOaY1HHIQt5ykSCMBqQuqWSkFXGCfJeRpju4y/zmkHBBw+BRjiJi+6gXUI9iJJXk6Fc3joTWKcQQdRKROok1JDiJ0jQTlddJSmYKj6+ngVKWKP1ECo5eNMrGBHCRmDNSBDPUHH1sdUMc+ySQmCEh2qYRSTtBXFLMSFqwYkEihAeoR9qKBsgnwk4mV6bwSCld6IVcvUDCifp7IkG+ECPfVUkfyb6Y9zLxP68dS+/STmgQxZIEeLrIixmUIcwqg13KCZZspAjCnKq/QtxHHGGpis1KMOdPXiSNs7J5Xq48VIrV21kdeXAADsEJMMEFqIJ7UAN1gMETeAFvYKw9a6/au/Yxjea02cw++APt6xuk5aOL</latexit>

At ca
s
~p A

�1
t = ca�s

�~p

Note that the combined transformation PAt 
leaves a particle momentum unchanged but 

flips its spin; single-spin asymmetries are 
necessarily odd under this transformation. 
Need a phase from a loop to get this effect.



Transverse structure of the proton

• Something I learned about many years ago from Lance, and got advice from 
when we were working on the transverse SSA probes of dipole moments.



Two-point charge correlator (TPCC)
• Can extend the idea of energy correlators to consider charge correlators as 

well. This idea will help us access the Sivers asymmetry in DIS. First introduced 
in electron-positron collisions. 

Contrast this with the 
energy-energy correlator:

EEC is naturally IR-safe in the soft 
limit; not the case for the TPCC

Moult, Zhu 2506.09119

Monni, Vita, Xu, Zhu 2508.00977



One-point charge correlator (OPCC)

• We can extend the idea to one-point charge correlators for the purpose of 
measurements in future DIS experiments such as the EIC.

•No neutral hadron 
reconstruction needed 

•No energy measurement

Different systematics than other measurements
For transverse-spin 

observables can write as:



One-point charge correlator (OPCC)

• We can extend the idea to one-point charge correlators for the purpose of 
measurements in future DIS experiments such as the EIC.

Non-local cancellation; charge 
conservation forces IR safety after 

summing over quark+antiquark

Monni, Vita, Xu, Zhu 2508.00977

Matrx elements symmetric under q to 
qbar; charge-operator insertion anti-

symmetric; soft poles cancel in the sum



One-point charge correlator (OPCC)

• Two physical limits of the Breit-frame polar angle are of interest. 

Target fragmentation: TMD region:



Description in the TMD region

• One can factorize the OPCC in the TMD region using the SCET framework.

Perturbative matching 
coefficientTMD soft functionMatches to the twist-3 Qiu-

Sterman function (quark-
gluon correlation in proton)

Hallmark of Sivers asymmetry



Numerics in the TMD region
• Stable perturbation theory for the OPCC, and a sizable Sivers asymmetry at a 

future EIC.

Cao, Liu, FP 2605.15280

Sizable and predictable effect at 
future electron-ion colliders



Description in the TFR

• In the target fragmentation region factorizes into the partonic DIS cross section 
and a nucleon charge correlator. Similar to nucleon energy correlator also 
proposed to study various aspects of nucleon structure.

The NEC often has restriction to a charged subset, which 
is natural here. Expect lower experimental uncertainty 

here without energy reconstruction.
Mantysaari, Tawabutr, Tong PRD 112 (2025)

(Odderon models)



Numerics in the TFR

Matches to the standard collinear PDF; 
excellent perturbative behavior

Cao, FP to appear



Conclusions

• Also from the organizers: “As far as I’m concerned, jokes are also encouraged!”

Lance has recently been 
working on teaching AI and 
LLMs to predict coefficients 

in N=4 SYM amplitudes 

Cai et al Mach. Learn. 
Sci. Tech. 5 (2024)



Conclusions

• Also from the organizers: “As far as I’m concerned, jokes are also encouraged!”

Old British TV show had experts examine an object and 
guess. Early neural net training used the same concept 

through the 20Q project



Conclusions

• Also from the organizers: “As far as I’m concerned, jokes are also encouraged!”

This is always what I felt Lance was doing when 
I went to ask him a question as a student!



Conclusions

• Also from the organizers: “As far as I’m concerned, jokes are also encouraged!”

This is always what I felt Lance was doing when 
I went to ask him a question as a student!

“Lance likes getting a number”

Happy Birthday Lance!


