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From Orbifolds to Amplitudes

“In Scotland, 

talking about yourself 

is considered the 

eighth deadly sin”

    – Janice Galloway 



Physics is a Journey

The destination is important, but more so is the process of discovery

It’s great to have been able to share the last 4 decades of discovery with so 

many other friends and collaborators from around the world
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• 1978 - 1982

• Took many courses, worked hard                         

(in between sports)

• Encountered Richard Feynman five times,      

2.1 courses

• Physics 1 and QFT from David Politzer

• Colloquium on string theory by John Schwarz

Physics + Applied Math Major at CalTech
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Summer of 1981:  Mark III experiment at SLAC
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• 1982 - 1986

• Took a few courses, including 

electronics, machine shop, 

generals experiment in biophysics

• Worked hard (in between sports)

• QFT from David Gross

• Became Jeff Harvey’s PhD student 

in 1984 (after brief discussions with 

Ed Witten and Ian Affleck)

Physics PhD at Princeton
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Indebted to Jeff
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First project: Magnetic monopoles

• Exercise in understanding collective coordinate quantization 

of soliton solutions
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Superstring Theory
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• Working on second soliton project in Sept. 1984 

when Jeff told me the news out of Aspen:

• 𝑫 = 𝟏𝟎 gauge & gravitational anomalies cancel 

for gauge groups 𝑺𝑶(𝟑𝟐) and 𝑬𝟖 × 𝑬𝟖      
Green, Schwarz, Phys. Lett. B 149 (1984) 117

• Jeff: “We’ll all be doing string theory now”

• Read:  “Superstring Theory”,  J. Schwarz, Phys. Rept. 89 (1982) 223

• Within a couple of months, Jeff, David, Emil 

Martinec and Ryan Rohm had constructed the 

heterotic string                                                           
Gross, Harvey Martinec, Rohm, Phys. Rev. Lett. 54 (1985) 502



From 10 to 4 dimensions
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• Kaluza-Klein compactifications:  ℝ1,3 ×  ℳ6

• 𝒩 = 1 supersymmetry, vacuum stability 

  → ℳ should be Ricci-flat manifold with 𝑆𝑈(3) holonomy       

  → Calabi-Yau manifold

• Embed 𝑆𝑈(3) spin connection into gauge connection,

𝑆𝑈 3 ⊂ 𝐸8 
→  4d gauge group 𝑬𝟔 × 𝑬𝟖 (𝒉𝒊𝒅𝒅𝒆𝒏)
𝑬𝟔 ⊃ 𝑺𝑶(𝟏𝟎) ⊃ 𝑺𝑼(𝟓)  → grand unified theory with gravity!

            Candelas, Horowitz, Strominger, Witten, March 1985, NPB258, 46

• But Calabi-Yau’s required a lot of algebraic geometry, so 

Jeff and I were looking for simpler 6d manifolds ℳ 



Orbifolds
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• James Lepowsky (Rutgers) was on sabbatical at IAS 

writing the longer version of the FLM (Moonshine) Module

which one could call an asymmetric orbifold, 𝕋24/ℤ2, where 

the lattice associated with 𝕋24 was the Leech lattice

• Jeff and I were working out the properties of ``twisted 

strings’’ with this case as a guide.  Jeff talked to Ed Witten 

at tea. He found out that Ed and Cumrun Vafa were 

working on very similar things, so we joined forces.
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I learned 6 dimensional crystallography 

as part of (II) in particular!



Theoretical Physics Tools in 1980s
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From my job talk
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Delivered at Harvard in Fall 1985

Included proof by exhaustion

that there were no (2,2) orbifolds 

with exactly 3 generations of

𝟐𝟕s of 𝐸6

LD, Harvey, Vafa, Witten, 

NPB261 (1985) 678, 

NPB274 (1986) 285



L. Dixon      From Orbifolds to Amplitudes Edinburgh Colloquium   26/6/26 14



Jeff and I used orbifold 

methods to find a 

nonsupersymmetric, 

tachyon-free

heterotic string vacuum

in 10 dimensions
LD, Harvey, NPB274 (1986) 93;

Alvarez-Gaume, Ginsparg, Moore, 

Vafa, PLB171 (1986) 155; 

Seiberg, Witten, NPB276 (1986) 

272

My initiation into TeX
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Conformal field 

theory of orbifolds
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Introduced to 2d CFT methods by Dan Friedan, Emil Martinec, Steve Shenker

Twist fields 𝜎 defined implicitly by putting cuts into string coordinate 𝑋𝜇

Emphasis on “bootstrapping” answer from analyticity and differential equations

LD, Friedan, Martinec, Shenker, NPB282 (1987) 13 
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Also importance of factorization in multiple channels



→ SLAC as postdoc
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• Generalize from orbifolds to arbitrary 2d SCFTs 

   with right central charge, etc., to serve as 

   string compactifications 

• Try to prove general results



Type II Superstring No-Go Theorem
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LD, Kaplunovsky, Vafa, 

NPB294 (1987) 43

Could get remarkably close to 

Standard Model using 

asymmetric orbifolds,

but not quite there.

Fortunately we left loopholes      

for when D-branes came 

along later



More general CFT statements
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Included argument 

that global symmetries 

are forbidden in

(some) theories 

of quantum gravity

with FMS & Tom Banks



Return to Princeton (but not for long)

L. Dixon      From Orbifolds to Amplitudes Edinburgh Colloquium   26/6/26 21

• Worked with Jeff and Paul Ginsparg on

 Ƹ𝑐 = 1 SCFT archipelago 
LD, Ginsparg, Harvey NPB306 (1988) 470 

• and showed that the FLM monster 

module had superconformal symmetry



Return to SLAC
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• Collaboration with Vadim Kaplunovsky and Jan Louis

 

• (special) geometry in EFTs for superstring moduli

• Moduli-dependence of corrections to relations between

gauge couplings in stringy GUTs

• Also discussions about fixing the dilaton using 

multiple gauge groups condensing

• Around this time I started moving toward 

phenomenology, as the number of string vacua    

→   > 103 = 1,000



String Landscape circa 1989
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Started talking to experimentalists more
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1989



Met Zvi and David!
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• Now it can be told: I was the referee (of their color paper)

• Perfect opportunity to leverage my string theory background & try to 

do something relevant for experiment!

• 63, 44 published papers together (+ a bunch of proceedings)



SLAC theory circa 1991
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String-based rules for QCD

• Zvi and David used string theory, because it has                      

all Feynman diagrams in one package:

• Low-energy limit (large string tension limit)                                 

→ Bern-Kosower rules. 

• Computed gg → gg at 1-loop in terms of helicity amplitudes

• I joined Zvi and David and we pushed to one more leg.
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Bern, Kosower NPB 379 (1992) 451



For 2 → 3 needed pentagon integrals

• Took a detour down the integral road

• Reductions, IBPs, and differential equations, all 

in parameter space …

• Represent dimensionally regulated multi-point 

integrals in terms of boxes + …
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Bern, LD, Kosower, 9212308, 9306240



A new result: gg → ggg

• First 2 → 3 loop amplitude. “Just complicated enough.” 

• Could start to see clearly how it was organized.
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Bern, LD, Kosower, 9302280

Only log arguments: 

          s23 and s51 

– not s12, s34 or s45

          Why?? denominators related to collinear limits

L𝑘 𝑟 ∝ ln(𝑟)



Unitarity method
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Bern, LD, Dunbar, Kosower, 9403226, 9409265  

• Testing ground for a new method:  N=4 super-Yang-Mills theory

• Could get an infinite number of (MHV) loop amplitudes 

  simply by multiplying together 2 (Parke-Taylor) tree amplitudes!!



From trees to loops

L. Dixon      Jewels at the Heart of Matter UCLA      March 21, 2023 31

Parke-Taylor formula (1986)

BDDK (1994)

tree

1-loop
An

N=4 SYM
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Granularity vs. Fluidity



L. Dixon      Jewels at the Heart of Matter UCLA      March 21, 2023 33

Branch cut information → 

 Generalized Unitarity (One-loop Fluidity) 

Ordinary unitarity:

put 2 particles on shell,

with real momenta

Generalized unitarity:

put 3 or 4 particles on shell,

complex momenta

Trees recycled into loops!



The BlackHat Collaboration (circa 2010)
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BlackHat:
Berger, Bern, Diana, LD, 

Febres Cordero,

Forde, Gleisberg, Höche, Ita, 

Kosower, Lo Presti, Maître, Ozeren 

Other key contributors (t < 2014):
Anastasiou, Badger, Bevilacqua, Biedermann, Britto, Cachazo, Cascioli, Czakon, Dunbar, Ellis, 

Feng, Frederix, Frixione, Garzelli, Giele, Hirschi, Kardos, Kunszt, Maltoni, Mastrolia, Melnikov, 

Ossola, Papadopoulos, Pittau, Pozzorini, Reiter, Schulze, Tramontano, Uwer, van Hameren, 

Weinzierl, Winter, Witten, Worek, Zanderighi, …
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NLO  pp → Z + 1,2,3,4 jets vs.  ATLAS 2011 data
ATLAS 1304.7098

BH+S: 

1108.2229



Back to 1990s

• Amplitudes in EFTs, namely 5-point     

matrix elements of tr𝐺3  –  because 4-point 

was orthogonal to massless 4-point QCD 

amplitudes                                LD, Shadmi, 9312363

• Inspired by discussions with SLD QCD 

experimentalists @ Friday coffee & donuts, 

computed naïve T-odd QCD observables 

benefitting from 𝑍0 polarization (phases!) 
Brandenburg, LD, Shadmi, 9505355
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Forward to 2003
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Anastasiou, LD, Melnikov, Petriello, 0306192, 0312266

• Use unitarity in reverse:

represent cross sections as 

forward scattering amplitudes 

→apply multi-loop IBP methods

 Anastasiou, Melnikov, 0207004

•  New:  Could apply to

 differential cross sections 

if observable was simple 

enough, like rapidity Y of

an electroweak gauge boson

→ Vrap program for NNLO W/Z



Same method for 𝑒+𝑒− EEC
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LD, Luo, Shtabovenko, Yang, H.-X. Zhu, 1801.03219

• Analytic NLO  

• Understanding small angle 

limit of formula

→collinear log resummation

with HuaXing Zhu and Ian Moult

1905.01310



Back to N=4:

Amplitude Bootstrap
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• Tired of doing integrals?  

• Then just write the answer down (with enough constraints)

• Works very well with the symbol of multiple polylogarithms

                             Goncharov, Spradlin, Vergu, Volovich, 1006.5703

LD, Drummond, Henn, 1108.4461, 1111.1704 + many, many more 

Up to 8 loops!
  LD, Liu, 2308.08199



The fellowship of the 

amplitude bootstrap
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A Few Lessons Learned
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• March to your own drummer

• Be T shaped!!

• Timing is everything

• Don’t put lists of unfinished projects on 

your blackboard (desk drawer is OK)



Closing Thoughts
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Science is a noble undertaking: humans want to 

understand their place in the cosmos.  

Science leads to technology that has vastly improved our 

way of life (but can be a double-edged sword).  

The economic payoff of fundamental physics comes 

increasingly far down the road, if at all.  

We depend on enlightened governments and increasingly, 

philanthropy, to support our research.      

I was very fortunate to go into science at a time when 

governmental support was strong.  

I hope that we can return to a collective realization of the 

importance of science, for both the economy and the soul.



Very Special Thanks
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All of you

All speakers this week

Claude [Duhr]

Claude [Anthropic]

Mayling
Anastasia, Yael, Matt, Donal

Andrew
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Executive Summary
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