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The two pillars of our field: 

1.  Finding new structures and symmetries in scattering amplitudes. 
2.  Helping our friends in other fields solve nontrivial problems of physical  
     interest. 

We are hearing a lot about both of these sides of amplitudes. 

See talks from Y. Shadmi and N. Craig  

Structures  
and  

Symmetries 

 Here I will discuss I want to talk about EFT non-renormalization theorems.    
 

Practical 
Applications 

A good example of practical applications are EFT’s for BSM physics. 
Also structures and symmetries.  
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Standard Model EFT 

LSM +�L

<latexit sha1_base64="L6Sjk6eHsta5qfhXQmA/OWryNBQ=">AAACEHicbVDLSgMxFM3UV62vUZdugkUUhDIjBXVX1IULhYr2AZ2hZNJMG5pkhiQjlKGf4MZfceNCEbcu3fk3ZtouauuBC4dz7uXee4KYUaUd58fKLSwuLa/kVwtr6xubW/b2Tl1FicSkhiMWyWaAFGFUkJqmmpFmLAniASONoH+Z+Y1HIhWNxIMexMTnqCtoSDHSRmrbhx5HuocRgzft1JMc3t8O4TH0rgjTCE6ZdtEpOSPAeeJOSBFMUG3b314nwgknQmOGlGq5Tqz9FElNMSPDgpcoEiPcR13SMlQgTpSfjh4awgOjdGAYSVNCw5E6PZEirtSAB6Yzu1DNepn4n9dKdHjmp1TEiSYCjxeFCYM6glk6sEMlwZoNDEFYUnMrxD0kEdYmw4IJwZ19eZ7UT0puuXR+Vy5WLiZx5MEe2AdHwAWnoAKuQRXUAAZP4AW8gXfr2Xq1PqzPcWvOmszsgj+wvn4Bg+CbpA==</latexit>

At dimension 6:     59 independent operators, not including flavor indices 

Buchmuller and Wyler; Grzadkowski, M. Iskrzynski, M. Misiak and J. Rosiek 

For example 
dimension 6 
 operators 

 4,

<latexit sha1_base64="Z2UZkBPWgN8PTlprDT8bMKpxleA=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgQcKuBNRb0IvHCOYByRpmJ51kyOzsOjMrhCU/4cWDIl79HW/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItQKqUXCJdcONwFaskIaBwGYwupn6zSdUmkfy3oxj9EM6kLzPGTVWapFOrPlD5axbLLlldwayTLyMlCBDrVv86vQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46u3dCTqzSI/1I2ZKGzNTfEykNtR6Hge0MqRnqRW8q/ue1E9O/9FMu48SgZPNF/UQQE5Hp86THFTIjxpZQpri9lbAhVZQZG1HBhuAtvrxMGudlr1K+uquUqtdZHHk4gmM4BQ8uoAq3UIM6MBDwDK/w5jw6L8678zFvzTnZzCH8gfP5AxMxj1w=</latexit>

D2�4,
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�2F 2,
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F 3,
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etc	

�L =
1

⇤2

X

i

c(6)i O
(6)
i

<latexit sha1_base64="Z5rZjYWQGVwHVZPecYaTIObx9Vc="></latexit>

Here I will discuss a simplified version of  SMEFT to discuss some generic properties.   

•  As we are finding out, it is difficult to find BSM physics at the LHC. 
•  The most popular top down models for new physics haven’t been found. 
•  Need open mind:  quantified by constructing EFT’s for BSM physics. 
•  For good reason SMEFT and its cousin HEFT are becoming more popular. 

Basic idea is simple:  Parametrize new physics using EFTs 
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Anomalous Dimensions 

LSM +�L

<latexit sha1_base64="L6Sjk6eHsta5qfhXQmA/OWryNBQ=">AAACEHicbVDLSgMxFM3UV62vUZdugkUUhDIjBXVX1IULhYr2AZ2hZNJMG5pkhiQjlKGf4MZfceNCEbcu3fk3ZtouauuBC4dz7uXee4KYUaUd58fKLSwuLa/kVwtr6xubW/b2Tl1FicSkhiMWyWaAFGFUkJqmmpFmLAniASONoH+Z+Y1HIhWNxIMexMTnqCtoSDHSRmrbhx5HuocRgzft1JMc3t8O4TH0rgjTCE6ZdtEpOSPAeeJOSBFMUG3b314nwgknQmOGlGq5Tqz9FElNMSPDgpcoEiPcR13SMlQgTpSfjh4awgOjdGAYSVNCw5E6PZEirtSAB6Yzu1DNepn4n9dKdHjmp1TEiSYCjxeFCYM6glk6sEMlwZoNDEFYUnMrxD0kEdYmw4IJwZ19eZ7UT0puuXR+Vy5WLiZx5MEe2AdHwAWnoAKuQRXUAAZP4AW8gXfr2Xq1PqzPcWvOmszsgj+wvn4Bg+CbpA==</latexit>

•  At dimension 6:  59 independent operators, not including flavor indices 
•  Operator mixing controlled by the anomalous dimension matrix,  3481 entries 
•  In impressive work, one-loop dim 6 anomalous dimension matrix  
      computed by  Alonso, Jenkins, Manohar and Trott 

dimension 6 
 operators 

Gives insight into how experimental constraints from one 
operator inform us about coefficients of other operators. 

�L =
1

⇤2

X

i

c(6)i O
(6)
i

<latexit sha1_base64="Z5rZjYWQGVwHVZPecYaTIObx9Vc="></latexit>

Λ	

~TeV	
{					}	

determines operator mixing 



Dimension Six Operators 

For our study we use simplified version of SMEFT.  Dirac Fermions, no masses,  
no Yukawas. Same ideas apply to any EFT. Verified our calculations again Jenkins,  
Manohar et al. Significant overlap. 5	

List of operators 
we consider here 

Closely related to operators 
of SMEFT. 



Unexpected zeros in one-loop anomalous dimension matrix 
Followed a pattern analogous to susy. 
Explanations from helicity and angular momentum 

from	Cheung	and	Shen	1505.01844	

Alonso, Jenkins, Manohar, Trott; 
Elias-Miro, Espinoza, Pamarol 

Grey	are	zeros.			x	means	trivial	zero.	

Zeros in SMEFT  
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Cheung and Shen 
Jaing, Shu, Xiao, Zheng 

One-loop anomalous dimension matrix has a surprising number of zeros! 

See Craig’s talk  



Nontrivial Zeros in Anomalous Dimension Matrix  

A simple question:  Do nontrivial zeros exist beyond 1 loop? 

•  Helicity selection rules or susy embeddings only work at tree level. 
•  Sensible answer:  “Not a snowball’s chance in hell” 

But as we will see there are actually many new nontrivial zeros: 
 
1.  Sometimes only integrals which can’t generate the correct logs. 
2.  Sometimes we can adjust 1 loop scheme to make two-loop anomalous  
        dimension vanish. 
3. Sometime color selection rules kill contributions. 
4.  Sometimes helicity selection can become active if enough other cuts vanish. 

Nontrivial zero:  you can write down Feynman diagrams but you still get zero 
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At first sight: 



On Shell Methods 
Two basic approaches: 
1. Use unitarity method to calculate amplitudes and associated UV divergence. 

2. Slick form factor method.  Anomalous dimensions directly in terms of cuts. 

Reasons we like on-shell methods: 
1.  Efficient way to calculate. 
2.  Exposes new structures (like zeros). 
3.  Helps a lot with evanescent operator chaos. 

Evanscent operator:  vanishes in D = 4 but creates dim. reg. chaos beyond 1 loop 

•  Method 1 needs no explanation here.  Use our standard amplitude methods. 
•  Beyond 1 loop generally we need both because need to feed 1 loop amplitudes 
      into cuts at 2 loops. 
•  Need good control of IR singularities.  Dim. Reg. mixes IR and UV anomalous 
      dimensions. 
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Caron-Huot and Wilhelm 

ZB, Dixon, Dunbar, Kosower, etc 



On Shell Methods 
Simple observation helps a lot: 

Log(si) contains information we need. Log(si /µ2)

•  Arguments of logs must be dimensionless. 
•   Imbalance gives renormalization scale dependence. 

Used in for example slick recalculation of two-loop R3 divergence of gravity 

ZB, Cheung, Chi, Davies, Dixon; 
Z.B., Chi, Dixon and Edison 

Subtract IR divergence in integrand and evaluate phase-space integrals. 
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•  Gives renormalization scale running of 2 loop R3 counterterm. 
•  Avoids nontrivial chaos from evanescent operators and fields. 

Nb �Nf :
# bosons�# fermions

<latexit sha1_base64="7sFlTCLOv2hJp4w+7EHpDNPgdYs="></latexit>

Don’t focus on UV infinities.  Instead focus on renormalization scale. 



Caron-Huot and Wilhelm 

Slick way to extract anomalous dimensions directly from unitarity cuts. 

Unitarity: 

Analyticity: 

Unitarity Cuts and Renormalization 

Form	factor:	Off-shell	momentum		
injection	from	operator	

A very slick way to systematically deduce anomalous dimension from unitarity cuts  

Dilation operator (not including engineering dims):  
�� = �UV � �IR

<latexit sha1_base64="HkTshSe8CuCBYfOBdDftpxxC1tw=">AAACG3icbZDNSgMxFIUz9a/Wv1GXboJFcGOZKQV1IRR1obsqthU6tdxJ0zY0mRmSjFCGvocbX8WNC0VcCS58G9N2Frb1QODj3Hu5ucePOFPacX6szMLi0vJKdjW3tr6xuWVv79RUGEtCqyTkobz3QVHOAlrVTHN6H0kKwue07vcvRvX6I5WKhcGdHkS0KaAbsA4joI3VsovYu6RcA/a6IATgsxQeEk8KXK0N8dGUc307bNl5p+CMhefBTSGPUlVa9pfXDkksaKAJB6UarhPpZgJSM8LpMOfFikZA+tClDYMBCKqayfi2IT4wTht3QmleoPHY/TuRgFBqIHzTKUD31GxtZP5Xa8S6c9JMWBDFmgZksqgTc6xDPAoKt5mkRPOBASCSmb9i0gMJRJs4cyYEd/bkeagVC26pcHpTypfP0ziyaA/to0PkomNURleogqqIoCf0gt7Qu/VsvVof1uekNWOlM7toStb3L31Tn+A=</latexit>

implied sum over  
unitarity cuts 

Dilation operator 
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Proven from                  and treating operator insertion as perturbation  SS† = 1

<latexit sha1_base64="D1uqsv+3U0DvwP2l3M0I4sRKm+w=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUA9C0YvHSu0HtGnZbDbp0s0m7G6UEvo/vHhQxKv/xZv/xm2bg7Y+GHi8N8PMPC/hTGnb/rYKK6tr6xvFzdLW9s7uXnn/oKXiVBLaJDGPZcfDinImaFMzzWknkRRHHqdtb3Q79duPVCoWiwc9Tqgb4VCwgBGsjdRvNPo9H4chlegaOYNyxa7aM6Bl4uSkAjnqg/JXz49JGlGhCcdKdR070W6GpWaE00mplyqaYDLCIe0aKnBElZvNrp6gE6P4KIilKaHRTP09keFIqXHkmc4I66Fa9Kbif1431cGlmzGRpJoKMl8UpBzpGE0jQD6TlGg+NgQTycytiAyxxESboEomBGfx5WXSOqs659Wr+/NK7SaPowhHcAyn4MAF1OAO6tAEAhKe4RXerCfrxXq3PuatBSufOYQ/sD5/APsAkYo=</latexit>

F = SF ⇤

<latexit sha1_base64="jCxLRm0jvYKGCBQ4/DVuNspIt4A=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBPJRdKagHoSgUjxXth7RryaZpG5pklyQrlKW/wosHRbz6c7z5b0zbPWjrg4HHezPMzAsizrRx3W8ns7S8srqWXc9tbG5t7+R39+o6jBWhNRLyUDUDrClnktYMM5w2I0WxCDhtBMPrid94okqzUN6bUUR9gfuS9RjBxkoPFXSJ7lDl8aSTL7hFdwq0SLyUFCBFtZP/andDEgsqDeFY65bnRsZPsDKMcDrOtWNNI0yGuE9blkosqPaT6cFjdGSVLuqFypY0aKr+nkiw0HokAtspsBnoeW8i/ue1YtM79xMmo9hQSWaLejFHJkST71GXKUoMH1mCiWL2VkQGWGFibEY5G4I3//IiqZ8WvVLx4rZUKF+lcWThAA7hGDw4gzLcQBVqQEDAM7zCm6OcF+fd+Zi1Zpx0Zh/+wPn8AXGRjuQ=</latexit>

F = e�i⇡DF ⇤
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F (p1e
i↵, . . . , pne

i↵) = ei↵DF (p1, . . . , pn)

<latexit sha1_base64="sLTP0O9z+fx1QG7f76l0rr9F9js="></latexit>



One Loop Renormalization 

operator insertion 

unitarity  
cut 

Consider 1 loop 

Fi   : Form factor with operator i	

sum	over	unitarity	cuts	
Dilation	operator	

�� = �UV � �IR

<latexit sha1_base64="HkTshSe8CuCBYfOBdDftpxxC1tw=">AAACG3icbZDNSgMxFIUz9a/Wv1GXboJFcGOZKQV1IRR1obsqthU6tdxJ0zY0mRmSjFCGvocbX8WNC0VcCS58G9N2Frb1QODj3Hu5ucePOFPacX6szMLi0vJKdjW3tr6xuWVv79RUGEtCqyTkobz3QVHOAlrVTHN6H0kKwue07vcvRvX6I5WKhcGdHkS0KaAbsA4joI3VsovYu6RcA/a6IATgsxQeEk8KXK0N8dGUc307bNl5p+CMhefBTSGPUlVa9pfXDkksaKAJB6UarhPpZgJSM8LpMOfFikZA+tClDYMBCKqayfi2IT4wTht3QmleoPHY/TuRgFBqIHzTKUD31GxtZP5Xa8S6c9JMWBDFmgZksqgTc6xDPAoKt5mkRPOBASCSmb9i0gMJRJs4cyYEd/bkeagVC26pcHpTypfP0ziyaA/to0PkomNURleogqqIoCf0gt7Qu/VsvVof1uekNWOlM7toStb3L31Tn+A=</latexit>

form factor 

amplitude 

11	Up to IR can extract anomalous dimensions from unitarity cuts. 

Helicity	selection	rules:	
If	cut	vanishes	then		
anomalous	dim	vanishes.	



Dealing with IR 
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 IR well understood.  E.g at one loop: Magnea and Sterman  
Catani 

To get UV, need to subtract IR from cut integrands or after integration 

Dim. reg. does not distinguish between IR and UV  

�� = �UV � �IR

<latexit sha1_base64="HkTshSe8CuCBYfOBdDftpxxC1tw=">AAACG3icbZDNSgMxFIUz9a/Wv1GXboJFcGOZKQV1IRR1obsqthU6tdxJ0zY0mRmSjFCGvocbX8WNC0VcCS58G9N2Frb1QODj3Hu5ucePOFPacX6szMLi0vJKdjW3tr6xuWVv79RUGEtCqyTkobz3QVHOAlrVTHN6H0kKwue07vcvRvX6I5WKhcGdHkS0KaAbsA4joI3VsovYu6RcA/a6IATgsxQeEk8KXK0N8dGUc307bNl5p+CMhefBTSGPUlVa9pfXDkksaKAJB6UarhPpZgJSM8LpMOfFikZA+tClDYMBCKqayfi2IT4wTht3QmleoPHY/TuRgFBqIHzTKUD31GxtZP5Xa8S6c9JMWBDFmgZksqgTc6xDPAoKt5mkRPOBASCSmb9i0gMJRJs4cyYEd/bkeagVC26pcHpTypfP0ziyaA/to0PkomNURleogqqIoCf0gt7Qu/VsvVof1uekNWOlM7toStb3L31Tn+A=</latexit>

Some useful IR information:   
      —  The IR is diagonal in the amplitudes and form factors (up to color) 
      —  No IR singularity at 1st loop order where diagrams exist. 

Alternatively location of IR singularities in integrand understood and can subtract,  
especially at 1 loop. 

Similar	formulas		
at	higher	loops.	



Two Loop Renormalization 

Get	2	loop	anomalous	dimension	directly	in	terms	of	unitarity	cuts:		

ZB, Sawyer, Parra-Martinez 

To get zero need vanishing not only in 2-particle cuts, but also in 3 particle cuts. 13	

�� = �UV � �IR
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sum over  
unitarity cuts 

Two loop anomalous dimension 

Can	clean	up	by	separating	real	and	imaginary	parts:	
	

Key formula 
for 2 loop Δγ

unitarity cuts with imag. parts  removed  



Minimal Form Factors 

Another concept that helps a lot are minimal form factors: 

Use minimal form factors e.g. F3 form factor look at 3 external gluon form factors 

Caron-Huot and Wilhelm 
ZB, Parra-Martinez, Sawyer 

Minimal	
form	factors	

	

First	chance	for	
operator	mixing	

14	

(�UV
sl )(L)

shp1, ..., pn|Os|0i
(0) = �

1

⇡
shp1, ..., pn|M⌦Ol|0i

<latexit sha1_base64="xqVsayfg8kKu2RQ4x8Batm5pJxI="></latexit>

We use this to prove multi-loop nonrenormalization theorems. 

Suppose that for trivial reasons 
an anomalous dimension 
vanishes up to L — 1 loops 

At L loops for first potential contribution and minimal form factor: 



Nonrenormalization Theorem 

An L loop		nonrenormalization	theorem:	

True even if you can write down Feynman diagrams 

: number of field insertions in operator   l(Ox)

<latexit sha1_base64="I3UVN9kpMEIKVD3wdapDzdUukhc=">AAAB+XicbVDLSsNAFL3xWesr6tLN0CJUhJKIoO6KbtxZwT6gCWEynbRDJw9mJsUS+hcu3bhQxK1/4q5/46TtQlsPDBzOuZd75vgJZ1JZ1sRYWV1b39gsbBW3d3b39s2Dw6aMU0Fog8Q8Fm0fS8pZRBuKKU7biaA49Dlt+YPb3G8NqZAsjh7VKKFuiHsRCxjBSkueafKKE2LVJ5ijew89nXpm2apaU6BlYs9JuVZyzp4ntVHdM7+dbkzSkEaKcCxlx7YS5WZYKEY4HRedVNIEkwHu0Y6mEQ6pdLNp8jE60UoXBbHQL1Joqv7eyHAo5Sj09WSeUi56ufif10lVcOVmLEpSRSMyOxSkHKkY5TWgLhOUKD7SBBPBdFZE+lhgonRZRV2CvfjlZdI8r9oX1esH3cYNzFCAYyhBBWy4hBrcQR0aQGAIL/AG70ZmvBofxudsdMWY7xzBHxhfPzcMlbs=</latexit>

•  Important to focus on minimal form factors. 
•  Crucial to feed in IR understanding. If no lower loop 
      diagrams won’t get IR contamination. 
•  More generally, scaleless diagrams won’t lead to 
     UV renormalization. 
•  Easy to identify even more zeros than simple form 
      of theorem given above. 

: short operator   Os

<latexit sha1_base64="926vag1kk6q9g3JZldAxeRIX5gs=">AAAB9HicbVDLSgMxFL1TX7W+qoIbN8EiuCozUlB3pW7c2YJ9QDuUTJppQzOZMckUytDvcONCEZf6FX6BOzd+i5m2C209EDiccy/35HgRZ0rb9peVWVldW9/Ibua2tnd29/L7Bw0VxpLQOgl5KFseVpQzQeuaaU5bkaQ48DhtesPr1G+OqFQsFHd6HFE3wH3BfEawNpLbCbAeEMzRbRepbr5gF+0p0DJx5qRQPqp9s7fKR7Wb/+z0QhIHVGjCsVJtx460m2CpGeF0kuvEikaYDHGftg0VOKDKTaahJ+jUKD3kh9I8odFU/b2R4ECpceCZyTSkWvRS8T+vHWv/0k2YiGJNBZkd8mOOdIjSBlCPSUo0HxuCiWQmKyIDLDHRpqecKcFZ/PIyaZwXnVLxqmbaqMAMWTiGEzgDBy6gDDdQhToQuIcHeIJna2Q9Wi/W62w0Y813DuEPrPcf4OiVPA==</latexit>

: long operator   Ol

<latexit sha1_base64="BJYF5Q7CgESlYRu7p5JkL6TO584=">AAAB9XicbVDLSgMxFL1TX7W+qoIbN8EiuCozUlB3pW7c2YJ9QDuWTJppQzOZIckoZeh/uHGhiDvxJ/wCd278FjNtF9p6IHA4517uyfEizpS27S8rs7S8srqWXc9tbG5t7+R39xoqjCWhdRLyULY8rChngtY105y2Iklx4HHa9IaXqd+8o1KxUNzoUUTdAPcF8xnB2ki3nQDrAcEcXXcRz3XzBbtoT4AWiTMjhfJB7Zu9VT6q3fxnpxeSOKBCE46Vajt2pN0ES80Ip+NcJ1Y0wmSI+7RtqMABVW4yST1Gx0bpIT+U5gmNJurvjQQHSo0Cz0ymKdW8l4r/ee1Y++duwkQUayrI9JAfc6RDlFaAekxSovnIEEwkM1kRGWCJiTZFpSU4819eJI3TolMqXtRMGxWYIguHcAQn4MAZlOEKqlAHAhIe4AmerXvr0XqxXqejGWu2sw9/YL3/AA8PlUk=</latexit>

In fact there are plenty of zeros at higher loops.  Some of the zeros follow from a theorem  

scaleless integral 
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up	to	2	loops	



Minimal form factor 
	
	
Required for nonzero result: 
•  ≥2 external legs on the left 

	
•  No	scaleless	integrals	on	the	right	

Summary of Proof 

: total loop number 

: loops in form factor 

Longer operators often cannot renormalize shorter operators, even 
when diagrams can be written down. 

q 

:	number	of	field	insertions	in		

Constraints: 

Putting	these	constraints	together	shows:	

nM

<latexit sha1_base64="nWKroTslhE37i8isQVaYmHKtw/c=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyWRgrorunEjVLAPaEOYTCft0MkkzEyEGvolblwo4tZPceffOGmz0NYDA4dz7uWeOUHCmdKO822V1tY3NrfK25Wd3b39qn1w2FFxKgltk5jHshdgRTkTtK2Z5rSXSIqjgNNuMLnJ/e4jlYrF4kFPE+pFeCRYyAjWRvLtqvCzQYT1mGCO7mYV3645dWcOtErcgtSgQMu3vwbDmKQRFZpwrFTfdRLtZVhqRjidVQapogkmEzyifUMFjqjysnnwGTo1yhCFsTRPaDRXf29kOFJqGgVmMs+olr1c/M/rpzq89DImklRTQRaHwpQjHaO8BTRkkhLNp4ZgIpnJisgYS0y06SovwV3+8irpnNfdRv3qvlFrXhd1lOEYTuAMXLiAJtxCC9pAIIVneIU368l6sd6tj8VoySp2juAPrM8fHJmSvw==</latexit>

: # legs in amplitude 

nF

<latexit sha1_base64="16rpbrq7tjUuz5nKDnWyftMZskE=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVQvVWFMRjBfsB7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewtr6xuVXcLu3s7u0flA+P2lomitAWkVyqboA15UzQlmGG026sKI4CTjvB5CbzO09UaSbFg5nG1I/wSLCQEWys1BaD9HZWGpQrbtWdA60SLycVyNEclL/6Q0mSiApDONa657mx8VOsDCOczkr9RNMYkwke0Z6lAkdU++n82hk6s8oQhVLZEgbN1d8TKY60nkaB7YywGetlLxP/83qJCS/9lIk4MVSQxaIw4chIlL2OhkxRYvjUEkwUs7ciMsYKE2MDykLwll9eJe2LqlerXt3XKo3rPI4inMApnIMHdWjAHTShBQQe4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gAa7Y7X</latexit>

: # legs in form factor 
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ZB, Parra-Martinez, Sawyer 



Nonrenormalization Theorem Examples 
One-loop Zero from helicity rules    
 of Cheung and Shen 

Overlap of zeros of Cheung and Shen 
and our nonrenorm thems 

⇥L

<latexit sha1_base64="MEHTtI5ibhWbFNmkZcP94vmCGRA=">AAAB8XicbVDLSgNBEOyNrxhfUcGLl8UgeAq7Iqi3EC8ePCRgHpgsYXYymwyZnV1meoWw5C+8eFDEq/gXfoE3L36Lk8dBEwsaiqpuurv8WHCNjvNlZZaWV1bXsuu5jc2t7Z387l5dR4mirEYjEammTzQTXLIachSsGStGQl+whj+4GvuNe6Y0j+QtDmPmhaQnecApQSPdtZGHTKejzk0nX3CKzgT2InFnpFA6qH7z9/JHpZP/bHcjmoRMIhVE65brxOilRCGngo1y7USzmNAB6bGWoZKYRV46uXhkHxulaweRMiXRnqi/J1ISaj0MfdMZEuzreW8s/ue1EgwuvJTLOEEm6XRRkAgbI3v8vt3lilEUQ0MIVdzcatM+UYSiCSlnQnDnX14k9dOie1a8rJo0yjBFFg7hCE7AhXMowTVUoAYUJDzAEzxb2nq0XqzXaWvGms3swx9Ybz+0cpSo</latexit>

Dimension	5	operators	

Theorems active at L loops 

re
no

rm
al

iz
ed

 o
pe

ra
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r 

operator insertion 
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(L)	 Delayed	to	L	loops	for	trivial	reasons	

Lots of new zeros 
at higher loops  

re
no

rm
al

iz
ed

 o
pe

ra
to

r 

operator insertion 

Dimension	6	operators	

Compared all the dim 6 one 
loop anomalous dims 
to Jenkins, Manohar,Trott 
and they agree!  Done 2  
ways. 



Pattern of Zeros Dimension 7 
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Lots of new zeros at higher loops and for higher dimension operators  

⇥L

<latexit sha1_base64="MEHTtI5ibhWbFNmkZcP94vmCGRA=">AAAB8XicbVDLSgNBEOyNrxhfUcGLl8UgeAq7Iqi3EC8ePCRgHpgsYXYymwyZnV1meoWw5C+8eFDEq/gXfoE3L36Lk8dBEwsaiqpuurv8WHCNjvNlZZaWV1bXsuu5jc2t7Z387l5dR4mirEYjEammTzQTXLIachSsGStGQl+whj+4GvuNe6Y0j+QtDmPmhaQnecApQSPdtZGHTKejzk0nX3CKzgT2InFnpFA6qH7z9/JHpZP/bHcjmoRMIhVE65brxOilRCGngo1y7USzmNAB6bGWoZKYRV46uXhkHxulaweRMiXRnqi/J1ISaj0MfdMZEuzreW8s/ue1EgwuvJTLOEEm6XRRkAgbI3v8vt3lilEUQ0MIVdzcatM+UYSiCSlnQnDnX14k9dOie1a8rJo0yjBFFg7hCE7AhXMowTVUoAYUJDzAEzxb2nq0XqzXaWvGms3swx9Ybz+0cpSo</latexit>

Theorems active at L loops 

operator insertion 

re
no

rm
al

iz
ed

 o
pe

ra
to

r 



One-Loop Amplitudes 
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Need 1 loop amplitudes to feed into 2-loop anomalous dimensions. 

Use	standard	unitarity	methods:	

•  Worked	out	all	the	4	point	amplitudes.	
•  D	dimensional	methods	to	keep	an	eye	on	evanescent		
						issues	and	rational	pieces.	
•  Use	physical	state	projectors	to	simplify	integrals.	
•  Overkill,	but	used	FIRE	

A surprising number of amplitudes are rational or vanish! 

Many	amplitudes	look	exactly	like	you	might	expect:	
	

4 fermion, 
different flavors 

Glover and Tejeda-Yeomans  
A.V. Smirnov 

But	many	are	rational	or	zero:		

Craig, Jiang, Li, Sutherland. 

4 vector 

IR & UV subtracted 

ZB, Parra-Martinez, Sawyer  



amplitude	
One-Loop Amplitude Zeros 

Local, finite 
renormalization 
sets to zero! 

Requires a  
detailed inspection 

•  Zeros in one-loop matrix elements can imply new zeros at two loops. 
•  Expect more zeros in interference with trees.   

20	

One loop amplitudes 
also have a remarkable 
number of zeros 

: Trivial zeros.  No diagrams. 

L  : contains Logs 
R : rational 

0 : known zeros helicity, angular mom., explicit calculations 
0 : New zero, requires inspection. 
   : Finite renormalization sets to zero.  
I0 : Finite renormalization removes rational piece. 

Craig, Jiang, Li, Sutherland; 
Jaing, Shu, Xiao, Zheng 

Latest zeros 

We calculated these 
one-loop amplitudes  

ZB, Parra-Martinez, Sawyer (to appear)  

op
er
at
or
	

See Craig’s talk 

Azatov, Contino, Machado, Riva 



More Two Loop Anomalous Dimension Zeros 
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But	easy	to	remove	with	a	finite	renormalizations	(scheme	choice):	

O(D2�4)1 = (�†Dµ�)(�†Dµ�)

<latexit sha1_base64="UVSNEJMzRuoxF9TnHs/e8KkYNxI="></latexit>

O(D2�4)2 = (�†�)⇤(�†�)

<latexit sha1_base64="m8PvrLjj7LCrZUEZtZ9bWlf5Qz4="></latexit>

There	is	a	nonvanishing	cut	and	indeed	we	get	nonzero:		

O( 4)1 = ( ̄m�µ n)( ̄p�µ 
r)

<latexit sha1_base64="70Os3tTxzlHiQa0/uVBusBBS5I0="></latexit>

O( 4)2 = ( ̄m�µT a n)( ̄p�µT
a r)

<latexit sha1_base64="ldjRLd67OOdHuV75kUARYBwGC+g="></latexit>

g̃2 =
g2

(4⇡)2

<latexit sha1_base64="Y76l0TnqN5+YvQBKhdlEd9LSyYQ=">AAACDHicbZC7SgNBFIbPxluMt6hgYzMYhdiE3RBQCyFoYxnBXCC7htnJbDJk9sLMrBCWPICNT+A72FgoausD2PkGdr6Ck0uhiT8MfPznHM6c3404k8o0P43U3PzC4lJ6ObOyura+kd3cqskwFoRWSchD0XCxpJwFtKqY4rQRCYp9l9O62zsf1us3VEgWBleqH1HHx52AeYxgpa1WNodsxXibos51EZ0i2xOYJJoHSb5kR+xQk627zII5EpoFawK5cvn763Xnfr/Syn7Y7ZDEPg0U4VjKpmVGykmwUIxwOsjYsaQRJj3coU2NAfapdJLRMQN0oJ028kKhX6DQyP09kWBfyr7v6k4fq66crg3N/2rNWHnHTsKCKFY0IONFXsyRCtEwGdRmghLF+xowEUz/FZEu1nkonV9Gh2BNnzwLtWLBKhVOLnUaZzBWGnZhD/JgwRGU4QIqUAUCt/AAT/Bs3BmPxovxNm5NGZOZbfgj4/0HSaWdoQ==</latexit>

We can choose scheme to generate even more two loop zeros 

Can	also	redefine	
operators.	



3	

4	

Color Selection Rules 
Simplified	model	with	no	Yukawa’s	

O( 4)1 = ( ̄m�µ n)( ̄p�µ 
r)

<latexit sha1_base64="lpbR5dHZn+XkxhS/ofSuGmHP1W4="></latexit>

O(�2F 2)1 = (�†�)F a
µ⌫F

a
µ⌫

<latexit sha1_base64="Gg2huXthyvqEGUXB9Wep2Du6jw4="></latexit>

Can get additional zeros simply because color factors don’t match. 

O(�2F 2)2 = dabc(�†T a�)F b
µ⌫F

c
µ⌫

<latexit sha1_base64="r5zFxvk23+0C9n92qplDUf+wp1Y="></latexit>

As simple example:  

3	

4	

Contributions have antisymmetric 
color but target operators have  
symmetric color. 
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Summary of Two-Loop Anomalous Dimension Zeros 
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In	simplified	SMEFT,	
with	no	Yukawas.	

ZB, Parra-Martinez, Sawyer  

: Trivial zeros.  No diagrams. 
0 :  Nonrenormalization theorems, color, helicity and “accidental”  
0*:  Good scheme choice. 

operator insertion 
re

no
rm

al
iz

ed
 o

pe
ra

to
r 

Two	loop	zeros	in	anomalous	dim	matrix	

•  Plenty of 2-loop zeros! 
•  Possibly even more zeros 
     can be found. 



Summary of Anomalous Dimension Zeros 

With traditional Feynman diagrams:  If you can write a diagram you expect  
 nonzero anomalous dimension. 

Now we have many different (overlapping) reasons for zeros. 
 
1.  Susy embeddings. 
2.  Helicity selection rules. 
3.  Angular momentum selection rules.  
4.  Scaleless integrals and nonrenormalization theorems. 
5.  Color selection rules. 
6.  Good choices of renormalization schemes (finite shifts). 
7.  “Accidental zeros”, need to inspect the unitarity cuts. 

Surely not the end of the story. 

Jaing, Shu, Xiao, Zheng 
Cheung and Shen 

Alonso, Jenkins, Manohar and Trott; 
Elias-Miro, Espinosa, Pomarol 

  ZB, Parra-Martinez, Sawyer 
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Summary 

1.  For good reason SMEFT is becoming very topical in collider physics.  
    Systematic approach to BSM physics. 

2. Amplitude methods streamline calculations of anomalous dimensions.  
    Confirmed many one-loop SMEFT anomalous dimensions. 

3. Nontrivial zeros in anomalous dimensions explained and predicted. 
    Theorems valid beyond one loop. 

4. Calculated one-loop amplitudes showing new zeros that feed into vanishing 
     two-loop anomalous dims. 

5. Even more two-loop zeros: adjust renormalization scheme, vanishings of 
     1 loop rational terms.    

Good opportunities for amplitudes people to help out with SMEFT or HEFT,  
both on conceptual and calculational sides. 

See talks by Shadmi and Craig 
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