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Based on 2005.03047 with S.-Y. Zhou (PRL 125, 201601), 2009.02212 with B. Fuks, Y. Liu and S.-Y. Zhou, 
and other ongoing works.



“Positivity bounds”

✦ Not all EFTs have a UV completion.


✦ Bounds from axiomatic principles of QFT (causality, unitarity, etc.), on the signs of 
(combinations of) Wilson coefficients.


✦ 2-to-2 elastic amplitude


✦ c2 > 0;   Often in SMEFT: C(8) > 0.  [A. Adams et al., JHEP 06]
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Positivity from elastic scattering

✦ Unitarity:


✦ Analyticity:

A(s, 0) < O(s ln2 s)
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“Positivity bounds”

✦ Not all EFTs have a UV completion.


✦ Bounds from axiomatic principles of QFT (causality, unitarity, etc.), on the signs of 
(combinations of) Wilson coefficients.


✦ 2-to-2 elastic amplitude


✦ c2 > 0;   Often in SMEFT: C(8) > 0.  [A. Adams et al., JHEP 06]


✦ More bounds on higher-s (and t) dependence. 
See recent developments [B. Bellazzini et al., 2011.00037] [A. Tolley et al., 2011.02400] 
[Caron-Huot and Van Duong, 2011.02957] [Arkani-Hamed et al., 2012.15849]
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Positivity in SMEFT at dim-8

✦ From a “phenomenological” point of view: SMEFT beyond dim-8 seems hard.


➡ Focus on dim-8 in SMEFT (with E4)


✦ Complication: many fields in SM, 
and very large-dimensional parameter space.


✦ Elastic scattering is not enough


✦ Convex geometry helps solving the full bounds


✦ Study the “generators” of the parameter space


✦ Connection with the so called “inverse problem”


✦ Alternative approach, using the dual space and semidefinite programming
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[Remmen, Rodd,1908.09845][CZ, S.-Y. Zhou, 2005.03047]

[X. Li et al., 2101.01191]



The inverse problem

Many BSM models

The SMEFT space

• SMEFT is useful because it describes 
(infinitely) many models by finitely 
many Wilson coefficients.


• They are being determined by global 
fit to LHC data.
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See e.g. 
[1901.05965 N. P. Hartland et al. [SMEFiT]], 
[1910.03606 J. Ellis et al.]

and more
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• The inverse problem: once coefficients are known 
from low energy EXPs, how, and to what extend, 
can we go up and determine the models? 
[Gu, Wang, 2008.07551] [S. Dawson et al. 2007.01296] 
[N. Arkani-Hamed et al. hep-ph/0512190]
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• The inverse problem: once coefficients are known 
from low energy EXPs, how, and to what extend, 
can we go up and determine the models? 
[Gu, Wang, 2008.07551] [S. Dawson et al. 2007.01296] 
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• Positivity tells us when this is impossible, and 
much more.



A toy example

✦ Consider a two scalar EFT, with 
two discrete symmetries:


✦  


✦   

✦ 3 dim-8 operators (E4):

<latexit sha1_base64="Te0xgUqiO0XY1k2yDgqpo5XKGP8=">AAAB+XicbZDLSgMxFIbP1Futt1GXboJFcGOZEVGXRTcuK9gLdIYhk6ZtaCYZkkyhDH0TNy4UceubuPNtTNtZaOsPgY//nMM5+eOUM20879spra1vbG6Vtys7u3v7B+7hUUvLTBHaJJJL1YmxppwJ2jTMcNpJFcVJzGk7Ht3P6u0xVZpJ8WQmKQ0TPBCszwg21opcN0iHLPIDIy8WFLlVr+bNhVbBL6AKhRqR+xX0JMkSKgzhWOuu76UmzLEyjHA6rQSZpikmIzygXYsCJ1SH+fzyKTqzTg/1pbJPGDR3f0/kONF6ksS2M8FmqJdrM/O/Wjcz/dswZyLNDBVksaifcWQkmsWAekxRYvjEAiaK2VsRGWKFibFhVWwI/vKXV6F1WfOva97jVbV+V8RRhhM4hXPw4Qbq8AANaAKBMTzDK7w5ufPivDsfi9aSU8wcwx85nz/BXZMW</latexit>
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�1 $ �2

✦ Each elastic channel gives one bound:


✦ Superposition: 

✦ Four bounds in total


✦ Any other superposition gives 
redundant bounds
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S1
S2
S3
V4

Q: where do the UV models live? Tree level UV completion:
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Exactly on the edges!
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Edge vector ↔ “one particle extension”

✦ Positivity bounds describe the 4 faces of the pyramid.


✦ Alternatively, the pyramid is generated its edge vectors.  
They are the generators.


✦ On the physics side, integrating out 
each heavy particle gives:


✦ In total:


✦ One particle extension are the generators.


✦ It is also (often) the unique UV completion of EFTs on edge vectors.

F2
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Extremal rays

✦ Extremal Ray (ER): A ray is an extremal ray of 
cone C, if it cannot be split into two other vectors 
in C, which are linearly independent. 

✦ In polyhedral cones, ERs are the edge vectors. 

✦ Being not splittable, the corresponding UV 
completion cannot have more than one (type of) 
particles. 

✦ If the measured coefficients are on an ER, the 
UV particle content is uniquely determined. 

✦ Not true at dim-6.
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✦ To what extend can we determine 
the weights w, given the 
measured coefficients C?   
(With less coefficients than 
particle types X)


✦ ER: unique solution.


✦ Face: (in this example) unique 
solution.


✦ Inside -> more arbitrariness 0

0.2
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0.6

0.8

1.0
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Uncertainty on w’s



Outline

• Positivity bound from the generator point of view


• The inverse problem


• A realistic example: e+e- scattering at ILC
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Positivity bound 
from generators
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Positively constructing the SMEFT space

✦ Identify the generators and edge vectors (or ERs) of the dim-8 SMEFT 
coefficient space 

✦ Tool: dispersion relation 

✦ We are going to work under the assumption of SM masses -> 0, focus 
on the 2nd s derivative of the forward amplitude, but not necessarily 
elastic
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✏⇤      is some scale comparable but below cutoff so the EFT is still valid; 
see “improved positivity” of [C. de Rham et al., 1710.09611]; and the 
“arc”s in [B. Bellazzini et al., 2011.00037]
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DiscAij!kl(s) = Aij!kl(s)�Akl!ij(s)
⇤ = i

X

X

Mij!X(s)Mkl!X(s)⇤

Generalized optical theorem:

<latexit sha1_base64="FZe+rPQkUwqBHJP0dDk3w49cOow="></latexit>

Mijkl =
1

2⇡

Z 1

(✏⇤)2

ds

s3

X

X

⇣
Mij!XM⇤

kl!X +Mil̄!XM⇤
kj̄!X

⌘
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…  +  s<->u crossing+ +=
s2

(dim-8)
X X
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Mijkl can be mapped to coefficients 
e.g. 2-scalar theory
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kl
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X

X
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kj̄!X

⌘



Mij→X describes unknown UV physics. 
Restricted by only symmetries.

• Magnitude does not matter (remove 

positive factors)


• Deal with tensors and matrices

<latexit sha1_base64="cdN/knEkmfkv7NfGk+w0enpTpPg="></latexit>

Mijkl =
X

X

�X

⇣
mij

Xm⇤kl
X +mil̄

Xm⇤kj̄
X

⌘
, �X � 0
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Define the “directional” information of                             as the “generator”
<latexit sha1_base64="ZYNCc7l1Qcif0dtvBgnnCeGiGBI="></latexit>

Gijkl
X ⌘ mij

Xm⇤kl
X +mil̄

Xm⇤kj̄
X

<latexit sha1_base64="cdN/knEkmfkv7NfGk+w0enpTpPg="></latexit>

Mijkl =
X

X

�X

⇣
mij

Xm⇤kl
X +mil̄

Xm⇤kj̄
X

⌘
, �X � 0

Define all allowed values of M by “C”. If we enumerate all possible m 
matrices (up to normalization), then

<latexit sha1_base64="hF8kL5NJLaaJN0w9lMw/ybepGm4="></latexit>

C ⌘
�
Mijkl

 
= cone

��
Gijkl

 �

The physical parameter space is the “conical hull” of all generators.
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<latexit sha1_base64="cdN/knEkmfkv7NfGk+w0enpTpPg="></latexit>

Mijkl =
X

X

�X

⇣
mij

Xm⇤kl
X +mil̄

Xm⇤kj̄
X

⌘
, �X � 0



• Is a convex cone: closed under addition and positive 
scalar multiplication (e.g. polyhedral cone, circular cone,…)

Convex cones, hulls, representations of cones
<latexit sha1_base64="hF8kL5NJLaaJN0w9lMw/ybepGm4="></latexit>

C ⌘
�
Mijkl

 
= cone

��
Gijkl

 �
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• Is a convex cone: closed under addition and positive 
scalar multiplication (e.g. polyhedral cone, circular cone,…)

• “cone”: conical hull, the set of all positive linear combinations of elements 
of X = {x}, is a convex cone, denoted by cone(X)

• Conical hulls of finite number of generators are polyhedral cones.

• Face representation: 
the cone is bounded 
by hyperplanes (bounds)

• Edge representation: 
the cone is generated 
by its edge vectors

Convex cones, hulls, representations of cones
<latexit sha1_base64="hF8kL5NJLaaJN0w9lMw/ybepGm4="></latexit>

C ⌘
�
Mijkl

 
= cone

��
Gijkl

 �

F1

F2

F3

E1 E2

E3
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• Vertex enumeration: computes one representation from the other.


• Allows to derive bound from “generators”

E.g. reverse search 
[Avis & Fukuda, 92’]

Convex cones, hulls, representations of cones
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• Vertex enumeration: computes one representation from the other.


• Allows to derive bound from “generators”

E.g. reverse search 
[Avis & Fukuda, 92’]

• Salient cone: does not contain straight line.
<latexit sha1_base64="WtdQAZinRinVuNeYIuXhEe4xYqY=">AAACHXicbVBNSwMxFMz6bf1a9eglWAQPWnalqMeiF48q1ha6pWTTbBvMJmvyVlsW/4gX/4oXD4p48CL+G7O1iLYOBIaZeeS9CRPBDXjepzMxOTU9Mzs3X1hYXFpecVfXLo1KNWVVqoTS9ZAYJrhkVeAgWD3RjMShYLXw6jj3azdMG67kBfQT1oxJR/KIUwJWarnlXiDZtbcT4F7AZRAT6IYRPg7OeacLRGt1i3dtRAGX+MdtuUWv5A2Ax4k/JEU0xGnLfQ/aiqYxk0AFMabhewk0M6KBU8HuCkFqWELoFemwhqWSxMw0s8F1d3jLKm0cKW2fBDxQf09kJDamH4c2mS9oRr1c/M9rpBAdNjMukxSYpN8fRanAoHBeFW5zzSiIviWEam53xbRLNKFgCy3YEvzRk8fJ5V7J3y95Z+Vi5WhYxxzaQJtoG/noAFXQCTpFVUTRPXpEz+jFeXCenFfn7Ts64Qxn1tEfOB9fpByhow==</latexit>

x 6= 0, x 2 C ) �x /2 C

Convex cones, hulls, representations of cones
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• Vertex enumeration: computes one representation from the other.


• Allows to derive bound from “generators”

E.g. reverse search 
[Avis & Fukuda, 92’]

• Salient cone: does not contain straight line.

• Dispersion relation describes a salient cone. 
always has a strictly positive projection on            .

<latexit sha1_base64="GJ8NYzSxzXzwfSpO6Mb7hAoe5aY=">AAAB/3icbZDLSsNAFIZP6q3WW1Rw42awCK5KIqIui25cVrAXaGuZTCbt2MkkzEyEErPwVdy4UMStr+HOt3HaRtDWHwY+/nMO58zvxZwp7ThfVmFhcWl5pbhaWlvf2Nyyt3caKkokoXUS8Ui2PKwoZ4LWNdOctmJJcehx2vSGl+N6855KxSJxo0cx7Ya4L1jACNbG6tl7HZ9yjW9TNsx+8I5nPbvsVJyJ0Dy4OZQhV61nf3b8iCQhFZpwrFTbdWLdTbHUjHCalTqJojEmQ9ynbYMCh1R108n9GTo0jo+CSJonNJq4vydSHCo1Cj3TGWI9ULO1sflfrZ3o4LybMhEnmgoyXRQkHOkIjcNAPpOUaD4ygIlk5lZEBlhiok1kJROCO/vleWgcV9zTinN9Uq5e5HEUYR8O4AhcOIMqXEEN6kDgAZ7gBV6tR+vZerPep60FK5/ZhT+yPr4B6ZWWrg==</latexit>

�ik�jl

<latexit sha1_base64="ZYNCc7l1Qcif0dtvBgnnCeGiGBI="></latexit>

Gijkl
X ⌘ mij

Xm⇤kl
X +mil̄

Xm⇤kj̄
X

<latexit sha1_base64="WtdQAZinRinVuNeYIuXhEe4xYqY=">AAACHXicbVBNSwMxFMz6bf1a9eglWAQPWnalqMeiF48q1ha6pWTTbBvMJmvyVlsW/4gX/4oXD4p48CL+G7O1iLYOBIaZeeS9CRPBDXjepzMxOTU9Mzs3X1hYXFpecVfXLo1KNWVVqoTS9ZAYJrhkVeAgWD3RjMShYLXw6jj3azdMG67kBfQT1oxJR/KIUwJWarnlXiDZtbcT4F7AZRAT6IYRPg7OeacLRGt1i3dtRAGX+MdtuUWv5A2Ax4k/JEU0xGnLfQ/aiqYxk0AFMabhewk0M6KBU8HuCkFqWELoFemwhqWSxMw0s8F1d3jLKm0cKW2fBDxQf09kJDamH4c2mS9oRr1c/M9rpBAdNjMukxSYpN8fRanAoHBeFW5zzSiIviWEam53xbRLNKFgCy3YEvzRk8fJ5V7J3y95Z+Vi5WhYxxzaQJtoG/noAFXQCTpFVUTRPXpEz+jFeXCenFfn7Ts64Qxn1tEfOB9fpByhow==</latexit>

x 6= 0, x 2 C ) �x /2 C
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• Vertex enumeration: computes one representation from the other.


• Allows to derive bound from “generators”

E.g. reverse search 
[Avis & Fukuda, 92’]

• Salient cone: does not contain straight line.

• Dispersion relation describes a salient cone. 
always has a strictly positive projection on            .

• Krein-Milman theorem: a salient cone C is a conical hull of its ERs. 
C = cone(“ERs”). ERs always exist, they are a subset of 

<latexit sha1_base64="hF8kL5NJLaaJN0w9lMw/ybepGm4="></latexit>

C ⌘
�
Mijkl

 
= cone

��
Gijkl
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<latexit sha1_base64="GJ8NYzSxzXzwfSpO6Mb7hAoe5aY=">AAAB/3icbZDLSsNAFIZP6q3WW1Rw42awCK5KIqIui25cVrAXaGuZTCbt2MkkzEyEErPwVdy4UMStr+HOt3HaRtDWHwY+/nMO58zvxZwp7ThfVmFhcWl5pbhaWlvf2Nyyt3caKkokoXUS8Ui2PKwoZ4LWNdOctmJJcehx2vSGl+N6855KxSJxo0cx7Ya4L1jACNbG6tl7HZ9yjW9TNsx+8I5nPbvsVJyJ0Dy4OZQhV61nf3b8iCQhFZpwrFTbdWLdTbHUjHCalTqJojEmQ9ynbYMCh1R108n9GTo0jo+CSJonNJq4vydSHCo1Cj3TGWI9ULO1sflfrZ3o4LybMhEnmgoyXRQkHOkIjcNAPpOUaD4ygIlk5lZEBlhiok1kJROCO/vleWgcV9zTinN9Uq5e5HEUYR8O4AhcOIMqXEEN6kDgAZ7gBV6tR+vZerPep60FK5/ZhT+yPr4B6ZWWrg==</latexit>

�ik�jl

<latexit sha1_base64="ZYNCc7l1Qcif0dtvBgnnCeGiGBI="></latexit>

Gijkl
X ⌘ mij

Xm⇤kl
X +mil̄

Xm⇤kj̄
X

<latexit sha1_base64="WtdQAZinRinVuNeYIuXhEe4xYqY=">AAACHXicbVBNSwMxFMz6bf1a9eglWAQPWnalqMeiF48q1ha6pWTTbBvMJmvyVlsW/4gX/4oXD4p48CL+G7O1iLYOBIaZeeS9CRPBDXjepzMxOTU9Mzs3X1hYXFpecVfXLo1KNWVVqoTS9ZAYJrhkVeAgWD3RjMShYLXw6jj3azdMG67kBfQT1oxJR/KIUwJWarnlXiDZtbcT4F7AZRAT6IYRPg7OeacLRGt1i3dtRAGX+MdtuUWv5A2Ax4k/JEU0xGnLfQ/aiqYxk0AFMabhewk0M6KBU8HuCkFqWELoFemwhqWSxMw0s8F1d3jLKm0cKW2fBDxQf09kJDamH4c2mS9oRr1c/M9rpBAdNjMukxSYpN8fRanAoHBeFW5zzSiIviWEam53xbRLNKFgCy3YEvzRk8fJ5V7J3y95Z+Vi5WhYxxzaQJtoG/noAFXQCTpFVUTRPXpEz+jFeXCenFfn7Ts64Qxn1tEfOB9fpByhow==</latexit>

x 6= 0, x 2 C ) �x /2 C

Convex cones, hulls, representations of cones
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Example 1: two scalars with SO(2)

✦ Operators:

✦ Amplitude:

Start with symmetries, and gradually relax

✦ Assuming a SO(2) symmetry. Write 
in terms of complex field

✦ To enumerate the generators: SO(2) 
fixes the m matrices in

<latexit sha1_base64="M097Nh8KFT+twxwlV0OdkQTpDHg=">AAACKXicbVDLSgMxFM34rPU16tJNsAiuykwRdSNU3bisaB/QGUomzbShmWRIMkIZ+jtu/BU3Coq69UfMtKPY1gOBc869l9x7gphRpR3nw1pYXFpeWS2sFdc3Nre27Z3dhhKJxKSOBROyFSBFGOWkrqlmpBVLgqKAkWYwuMrqzXsiFRX8Tg9j4keox2lIMdLG6thVL0K6H4QVT2gaEfUjz3Pidm49EbNE/eqLKV3p2CWn7IwB54mbkxLIUevYL15X4CQiXGOGlGq7Tqz9FElNMSOjopcoEiM8QD3SNpQjs5Wfji8dwUPjdGEopHlcw7H7dyJFkVLDKDCd2X5qtpaZ/9XaiQ7P/JTyONGE48lHYcKgFjCLDXapJFizoSEIS2p2hbiPJMLahFs0IbizJ8+TRqXsnpSdm+NS9TKPowD2wQE4Ai44BVVwDWqgDjB4AE/gFbxZj9az9W59TloXrHxmD0zB+voGJPKnyA==</latexit>

2⌦ 2 = 1S � 1A � 2

1S: xx+yy 1A: xy-yx
2 : (xx-yy, xy+yx)

20

<latexit sha1_base64="tUsDwlJcCFDfDBuTL/EwrJ8dLjs=">AAAB/HicbVDLSsNAFL3xWesr2qWbYBEEoSRF1I1QdOOygn1AG8JkOmmHTiZhZiKEUH/FjQtF3Poh7vwbJ2kW2npg5h7OuZe5c/yYUals+9tYWV1b39isbFW3d3b39s2Dw66MEoFJB0csEn0fScIoJx1FFSP9WBAU+oz0/Olt7vceiZA04g8qjYkbojGnAcVIackza8N4Qq/zy3POaFGbnlm3G3YBa5k4JalDibZnfg1HEU5CwhVmSMqBY8fKzZBQFDMyqw4TSWKEp2hMBppyFBLpZsXyM+tEKyMriIQ+XFmF+nsiQ6GUaejrzhCpiVz0cvE/b5Co4MrNKI8TRTiePxQkzFKRlSdhjaggWLFUE4QF1btaeIIEwkrnVdUhOItfXibdZsO5aNj35/XWTRlHBY7gGE7BgUtowR20oQMYUniGV3gznowX4934mLeuGOVMDf7A+PwBy6uUNw==</latexit>

� = �1 + i�2

<latexit sha1_base64="j21tUr0JhDdMnmnDoOTYE8yfQc4="></latexit>

Oijkl = (@µ�i@
µ
�j)(@⌫�k@

⌫
�l)

O1 = O1111, O2 = O1122, O3 = O2222,

O4 = O1212, O5 = O1112, O6 = O1222 .

<latexit sha1_base64="ZYNCc7l1Qcif0dtvBgnnCeGiGBI="></latexit>

Gijkl
X ⌘ mij

Xm⇤kl
X +mil̄

Xm⇤kj̄
X
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Example 1: two scalars with SO(2)

✦ m matrices: the CG coefficients

✦ Generators: the projective operators, 
with (j,l) symmetrized

✦ Compare with the amplitude:
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<latexit sha1_base64="ayhUEbjH/f1FqCer+bWV7d7e9/s=">AAAB+3icbVDLSgMxFM3UV62vsS7dBItYQcpMEXUjFLtxWcE+oB2GTHqnDc08SDLFMvRX3LhQxK0/4s6/MW1noa0H7uVwzr3k5ngxZ1JZ1reRW1vf2NzKbxd2dvf2D8zDYktGiaDQpBGPRMcjEjgLoamY4tCJBZDA49D2RvWZ3x6DkCwKH9UkBicgg5D5jBKlJdcs9sZA8eC2XD9z7QvdqueuWbIq1hx4ldgZKaEMDdf86vUjmgQQKsqJlF3bipWTEqEY5TAt9BIJMaEjMoCupiEJQDrp/PYpPtVKH/uR0BUqPFd/b6QkkHISeHoyIGool72Z+J/XTZR/46QsjBMFIV085CccqwjPgsB9JoAqPtGEUMH0rZgOiSBU6bgKOgR7+curpFWt2FcV6+GyVLvL4sijY3SCyshG16iG7lEDNRFFT+gZvaI3Y2q8GO/Gx2I0Z2Q7R+gPjM8fmC6SNA==</latexit>

~g = (C 0
1, C

0
2)

<latexit sha1_base64="ZYNCc7l1Qcif0dtvBgnnCeGiGBI="></latexit>
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Example 1: two scalars with SO(2)

✦ Bounds are

✦ Generators correspond to 1-particle UVs

✦ Same bound from conventional approach 
based on elastic scattering
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✦ m matrices are fixed by the parities 
under

Example 2: two scalars with discrete symmetries

<latexit sha1_base64="mqBiHRLSXdDTcS+ABSrReP2Wd5w="></latexit>

L =
1

⇤4
[C1(O1111 +O2222) + C2O1122 + C4O1212]

✦ Two scalars with discrete symmetries ✦ Generators

23

Previously we had

<latexit sha1_base64="cdwjbwLkSGNfC5x7fUvOg6AOeAI=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpZrAILqQkXqqbQjEblxXsBdoQJtNJO3RyYWYihFJfxY0LRdz6IO58G6dtFtr6w8DHf87hnPn9hDOpLOvbWFldW9/YLGwVt3d29/bNg8OWjFNBaJPEPBYdH0vKWUSbiilOO4mgOPQ5bfsjZ1pvP1IhWRw9qCyhbogHEQsYwUpbnllyPLvmeBdnPeR4V5qqNcszy1bFmgktg51DGXI1PPOr149JGtJIEY6l7NpWotwxFooRTifFXippgskID2hXY4RDKt3x7PgJOtFOHwWx0C9SaOb+nhjjUMos9HVniNVQLtam5n+1bqqCG3fMoiRVNCLzRUHKkYrRNAnUZ4ISxTMNmAimb0VkiAUmSudV1CHYi19ehtZ5xa5WrPvLcv02j6MAR3AMp2DDNdThDhrQBAIZPMMrvBlPxovxbnzMW1eMfKYEf2R8/gDdr5JU</latexit>

C1 = C3, C5 = C6 = 0

✦ Compare with amplitude:



✦ m matrices are fixed by the parities 
under

Example 2: two scalars with discrete symmetries

<latexit sha1_base64="mqBiHRLSXdDTcS+ABSrReP2Wd5w="></latexit>

L =
1

⇤4
[C1(O1111 +O2222) + C2O1122 + C4O1212]

✦ Two scalars with discrete symmetries ✦ Generators

23

Previously we had

<latexit sha1_base64="DdQN3TzYvst3YhuuxiVQWO5IuRo=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAYhgoSZKOpFCObiMYJZIBmGnk5N0qRnobsnEIfgr3jxoIhX/8Obf2MnmYNGHxQ83quiqp4XcyaVZX0ZuaXlldW1/HphY3Nre8fc3WvKKBEUGjTikWh7RAJnITQUUxzasQASeBxa3rA29VsjEJJF4b0ax+AEpB8yn1GitOSaB90RUNy/LtVc+7TmVnSdnbhm0SpbM+C/xM5IEWWou+ZntxfRJIBQUU6k7NhWrJyUCMUoh0mhm0iICR2SPnQ0DUkA0kln10/wsVZ62I+ErlDhmfpzIiWBlOPA050BUQO56E3F/7xOovwrJ2VhnCgI6XyRn3CsIjyNAveYAKr4WBNCBdO3YjogglClAyvoEOzFl/+SZqVsX5Stu/Ni9SaLI48O0REqIRtdoiq6RXXUQBQ9oCf0gl6NR+PZeDPe5605I5vZR79gfHwD/WWS+w==</latexit>

~g = (C1, C2, C3)

✦ Compare with amplitude:



✦ m matrices are fixed by the parity 
and exchange symmetry ( i ↔ j )

Example 3: two scalars with infinitely many ERs

✦ Remove               , keep ✦ Generators

<latexit sha1_base64="J7OHncBKCcc2FpGYzEStv9KyHYw="></latexit>

L =
1

⇤4
[C1O1111 + C2O1122 + C3O2222 + C4O1212]

(Previously)

✦ x,y are free real parameters.
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✦ m matrices are fixed by the parity 
and exchange symmetry ( i ↔ j )

Example 3: two scalars with infinitely many ERs

✦ Remove               , keep ✦ Generators

<latexit sha1_base64="J7OHncBKCcc2FpGYzEStv9KyHYw="></latexit>

L =
1

⇤4
[C1O1111 + C2O1122 + C3O2222 + C4O1212]
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✦ x,y are free real parameters.
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Example 3: two scalars with infinitely many ERs

✦ Bounds (“continuous vertex enumeration”)

✦ UV states

✦ What if we remove all symmetries?

Hard with generator approach. But may resort to the SDP approach.

3D “cross section” 
of the 4D cone

25

[X. Li et al., 2101.01191]
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[X. Li et al., 2101.01191]



Example 4: SM Higgs

26

✦ Operators ✦ Coefficients
<latexit sha1_base64="RW0gTawEFDswDm1xOaGh24VCai0=">AAAB+HicbVDLSsNAFL3xWeOjUZduBovgqiRV1GWxG5cV7AOaECbTSTt08mBmItTQL3HjQhG3foo7/8ZpmoW2HriXwzn3MndOkHImlW1/G2vrG5tb25Udc3dv/6BqHR51ZZIJQjsk4YnoB1hSzmLaUUxx2k8FxVHAaS+YtOZ+75EKyZL4QU1T6kV4FLOQEay05FvVlu+4rtnyG0W/8K2aXbcLoFXilKQGJdq+9eUOE5JFNFaEYykHjp0qL8dCMcLpzHQzSVNMJnhEB5rGOKLSy4vDZ+hMK0MUJkJXrFCh/t7IcSTlNAr0ZITVWC57c/E/b5Cp8MbLWZxmisZk8VCYcaQSNE8BDZmgRPGpJpgIpm9FZIwFJkpnZeoQnOUvr5Juo+5c1e37y1rztoyjAidwCufgwDU04Q7a0AECGTzDK7wZT8aL8W58LEbXjHLnGP7A+PwB3CWRRg==</latexit>

C1

C2

C3

✦ Amplitude in terms complex fields

[C. Murphy, 2005.00059]



Example 4: SM Higgs

27

✦ Intermediate states couple to                      :

✦ Generators

<latexit sha1_base64="+MLC1crN3std9wiE3+H1Hh3gdAQ=">AAACCHicbVDLSgMxFL1TX7W+Rl26MFgEF6XMiKjLohuXFewD2qFk0kwnNJMZkoxQhi7d+CtuXCji1k9w59+Ydipo64HkHs65l+QeP+FMacf5sgpLyyura8X10sbm1vaOvbvXVHEqCW2QmMey7WNFORO0oZnmtJ1IiiOf05Y/vJ74rXsqFYvFnR4l1IvwQLCAEayN1LMPw7DS9bFEYX5Xfmpewp5ddqrOFGiRuDNShhnqPfuz249JGlGhCcdKdVwn0V6GpWaE03GpmyqaYDLEA9oxVOCIKi+bLjJGx0bpoyCW5giNpurviQxHSo0i33RGWIdq3puI/3mdVAeXXsZEkmoqSP5QkHKkYzRJBfWZpETzkSGYSGb+ikiIJSbaZFcyIbjzKy+S5mnVPa86t2fl2tUsjiIcwBGcgAsXUIMbqEMDCDzAE7zAq/VoPVtv1nveWrBmM/vwB9bHN5fgmG4=</latexit>

hh, h̄h̄, hh̄, h̄h

<latexit sha1_base64="DdQN3TzYvst3YhuuxiVQWO5IuRo=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAYhgoSZKOpFCObiMYJZIBmGnk5N0qRnobsnEIfgr3jxoIhX/8Obf2MnmYNGHxQ83quiqp4XcyaVZX0ZuaXlldW1/HphY3Nre8fc3WvKKBEUGjTikWh7RAJnITQUUxzasQASeBxa3rA29VsjEJJF4b0ax+AEpB8yn1GitOSaB90RUNy/LtVc+7TmVnSdnbhm0SpbM+C/xM5IEWWou+ZntxfRJIBQUU6k7NhWrJyUCMUoh0mhm0iICR2SPnQ0DUkA0kln10/wsVZ62I+ErlDhmfpzIiWBlOPA050BUQO56E3F/7xOovwrJ2VhnCgI6XyRn3CsIjyNAveYAKr4WBNCBdO3YjogglClAyvoEOzFl/+SZqVsX5Stu/Ni9SaLI48O0REqIRtdoiq6RXXUQBQ9oCf0gl6NR+PZeDPe5605I5vZR79gfHwD/WWS+w==</latexit>

~g = (C1, C2, C3)



Example 4: SM Higgs

28

✦ 1, 1S, 1A are extremal. Triangular cone.

✦ Take the cross section of triangular cone

WZjj (CMS-PAS-SMP-18-001) 

✦ Bounds on “aQGC”
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Example 4: SM Higgs
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Example 5: photon

✦ Operators
<latexit sha1_base64="RW0gTawEFDswDm1xOaGh24VCai0=">AAAB+HicbVDLSsNAFL3xWeOjUZduBovgqiRV1GWxG5cV7AOaECbTSTt08mBmItTQL3HjQhG3foo7/8ZpmoW2HriXwzn3MndOkHImlW1/G2vrG5tb25Udc3dv/6BqHR51ZZIJQjsk4YnoB1hSzmLaUUxx2k8FxVHAaS+YtOZ+75EKyZL4QU1T6kV4FLOQEay05FvVlu+4rtnyG0W/8K2aXbcLoFXilKQGJdq+9eUOE5JFNFaEYykHjp0qL8dCMcLpzHQzSVNMJnhEB5rGOKLSy4vDZ+hMK0MUJkJXrFCh/t7IcSTlNAr0ZITVWC57c/E/b5Cp8MbLWZxmisZk8VCYcaQSNE8BDZmgRPGpJpgIpm9FZIwFJkpnZeoQnOUvr5Juo+5c1e37y1rztoyjAidwCufgwDU04Q7a0AECGTzDK7wZT8aL8W58LEbXjHLnGP7A+PwB3CWRRg==</latexit>

C1

C2

C3

✦ Amplitude

✦ Very similar to 2 scalars with SO(2). 
✦ Difference: (i,j) exchange in mij was a symmetry (either symmetric or antisymmetric) in 

the scalar case, but here it corresponds to parity.

Parity violating

[C. Murphy, 2005.00059]
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Example 5: photon

<latexit sha1_base64="RQiICdwv20RfZ0aHIGhtjf341qA=">AAACBnicbVDLSsNAFL3xWesr6lKEwSK4kJIUUZelblxWsA9oQphMJ+3QyYOZiRhCV278FTcuFHHrN7jzb5y2WWjrgYFzz7mXO/f4CWdSWda3sbS8srq2Xtoob25t7+yae/ttGaeC0BaJeSy6PpaUs4i2FFOcdhNBcehz2vFH1xO/c0+FZHF0p7KEuiEeRCxgBCsteeaRkwyZZzsqRg3v4cxB07o2qzPPrFhVawq0SOyCVKBA0zO/nH5M0pBGinAsZc+2EuXmWChGOB2XnVTSBJMRHtCephEOqXTz6RljdKKVPgpioV+k0FT9PZHjUMos9HVniNVQznsT8T+vl6rgys1ZlKSKRmS2KEg50kdOMkF9JihRPNMEE8H0XxEZYoGJ0smVdQj2/MmLpF2r2hdV6/a8Um8UcZTgEI7hFGy4hDrcQBNaQOARnuEV3own48V4Nz5mrUtGMXMAf2B8/gBbD5fG</latexit>

�1 ! Bx, �2 ! By

✦ m matrices: same as 2-scalar EFT

✦ Generators: SO(2) projectors

✦ If parity is violated, the first 2 mix

i.e. infinitely many ERs

With

✦ Generator vectors
<latexit sha1_base64="jaOtqZJJ/gzpWw4AKDN2JEW3608=">AAACD3icbZDLSsNAFIYn9VbrLerSzWBRWgglCaJuhKIblxXsBZoYJtNpO3RyYWZSKKFv4MZXceNCEbdu3fk2TtostPWHgZ/vnMOZ8/sxo0Ka5rdWWFldW98obpa2tnd29/T9g5aIEo5JE0cs4h0fCcJoSJqSSkY6MSco8Blp+6ObrN4eEy5oFN7LSUzcAA1C2qcYSYU8/dQZEwwHnnVVsQz+YBs2rxoOzKmdUcswq55eNmvmTHDZWLkpg1wNT/9yehFOAhJKzJAQXcuMpZsiLilmZFpyEkFihEdoQLrKhiggwk1n90zhiSI92I+4eqGEM/p7IkWBEJPAV50BkkOxWMvgf7VuIvuXbkrDOJEkxPNF/YRBGcEsHNijnGDJJsogzKn6K8RDxBGWKsKSCsFaPHnZtOyadV4z787K9es8jiI4AsegAixwAergFjRAE2DwCJ7BK3jTnrQX7V37mLcWtHzmEPyR9vkDXbGYbA==</latexit>

~g1 = (1, r2, 2r), ~g2 = (1, 1, 0)

<latexit sha1_base64="eRMeJOXvXxkV25LtU/3ykEVejno="></latexit>

1 r
�r 1
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Example 5: photon

<latexit sha1_base64="RQiICdwv20RfZ0aHIGhtjf341qA=">AAACBnicbVDLSsNAFL3xWesr6lKEwSK4kJIUUZelblxWsA9oQphMJ+3QyYOZiRhCV278FTcuFHHrN7jzb5y2WWjrgYFzz7mXO/f4CWdSWda3sbS8srq2Xtoob25t7+yae/ttGaeC0BaJeSy6PpaUs4i2FFOcdhNBcehz2vFH1xO/c0+FZHF0p7KEuiEeRCxgBCsteeaRkwyZZzsqRg3v4cxB07o2qzPPrFhVawq0SOyCVKBA0zO/nH5M0pBGinAsZc+2EuXmWChGOB2XnVTSBJMRHtCephEOqXTz6RljdKKVPgpioV+k0FT9PZHjUMos9HVniNVQznsT8T+vl6rgys1ZlKSKRmS2KEg50kdOMkF9JihRPNMEE8H0XxEZYoGJ0smVdQj2/MmLpF2r2hdV6/a8Um8UcZTgEI7hFGy4hDrcQBNaQOARnuEV3own48V4Nz5mrUtGMXMAf2B8/gBbD5fG</latexit>

�1 ! Bx, �2 ! By

✦ m matrices: same as 2-scalar EFT

✦ Generators: SO(2) projectors

✦ If parity is violated, the first 2 mix

i.e. infinitely many ERs

With

✦ Generator vectors
<latexit sha1_base64="jaOtqZJJ/gzpWw4AKDN2JEW3608=">AAACD3icbZDLSsNAFIYn9VbrLerSzWBRWgglCaJuhKIblxXsBZoYJtNpO3RyYWZSKKFv4MZXceNCEbdu3fk2TtostPWHgZ/vnMOZ8/sxo0Ka5rdWWFldW98obpa2tnd29/T9g5aIEo5JE0cs4h0fCcJoSJqSSkY6MSco8Blp+6ObrN4eEy5oFN7LSUzcAA1C2qcYSYU8/dQZEwwHnnVVsQz+YBs2rxoOzKmdUcswq55eNmvmTHDZWLkpg1wNT/9yehFOAhJKzJAQXcuMpZsiLilmZFpyEkFihEdoQLrKhiggwk1n90zhiSI92I+4eqGEM/p7IkWBEJPAV50BkkOxWMvgf7VuIvuXbkrDOJEkxPNF/YRBGcEsHNijnGDJJsogzKn6K8RDxBGWKsKSCsFaPHnZtOyadV4z787K9es8jiI4AsegAixwAergFjRAE2DwCJ7BK3jTnrQX7V37mLcWtHzmEPyR9vkDXbGYbA==</latexit>

~g1 = (1, r2, 2r), ~g2 = (1, 1, 0)

<latexit sha1_base64="eRMeJOXvXxkV25LtU/3ykEVejno="></latexit>

1 r
�r 1

30



Example 5: photon

<latexit sha1_base64="RQiICdwv20RfZ0aHIGhtjf341qA=">AAACBnicbVDLSsNAFL3xWesr6lKEwSK4kJIUUZelblxWsA9oQphMJ+3QyYOZiRhCV278FTcuFHHrN7jzb5y2WWjrgYFzz7mXO/f4CWdSWda3sbS8srq2Xtoob25t7+yae/ttGaeC0BaJeSy6PpaUs4i2FFOcdhNBcehz2vFH1xO/c0+FZHF0p7KEuiEeRCxgBCsteeaRkwyZZzsqRg3v4cxB07o2qzPPrFhVawq0SOyCVKBA0zO/nH5M0pBGinAsZc+2EuXmWChGOB2XnVTSBJMRHtCephEOqXTz6RljdKKVPgpioV+k0FT9PZHjUMos9HVniNVQznsT8T+vl6rgys1ZlKSKRmS2KEg50kdOMkF9JihRPNMEE8H0XxEZYoGJ0smVdQj2/MmLpF2r2hdV6/a8Um8UcZTgEI7hFGy4hDrcQBNaQOARnuEV3own48V4Nz5mrUtGMXMAf2B8/gBbD5fG</latexit>

�1 ! Bx, �2 ! By

✦ m matrices: same as 2-scalar EFT

✦ Generators: SO(2) projectors

✦ If parity is violated, the first 2 mix

i.e. infinitely many ERs

With

✦ Generator vectors
<latexit sha1_base64="jaOtqZJJ/gzpWw4AKDN2JEW3608=">AAACD3icbZDLSsNAFIYn9VbrLerSzWBRWgglCaJuhKIblxXsBZoYJtNpO3RyYWZSKKFv4MZXceNCEbdu3fk2TtostPWHgZ/vnMOZ8/sxo0Ka5rdWWFldW98obpa2tnd29/T9g5aIEo5JE0cs4h0fCcJoSJqSSkY6MSco8Blp+6ObrN4eEy5oFN7LSUzcAA1C2qcYSYU8/dQZEwwHnnVVsQz+YBs2rxoOzKmdUcswq55eNmvmTHDZWLkpg1wNT/9yehFOAhJKzJAQXcuMpZsiLilmZFpyEkFihEdoQLrKhiggwk1n90zhiSI92I+4eqGEM/p7IkWBEJPAV50BkkOxWMvgf7VuIvuXbkrDOJEkxPNF/YRBGcEsHNijnGDJJsogzKn6K8RDxBGWKsKSCsFaPHnZtOyadV4z787K9es8jiI4AsegAixwAergFjRAE2DwCJ7BK3jTnrQX7V37mLcWtHzmEPyR9vkDXbGYbA==</latexit>

~g1 = (1, r2, 2r), ~g2 = (1, 1, 0)

<latexit sha1_base64="dQ87d7SQ2gSqhFSzE0CeNJxUAdo=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmZqUZfFblxWsA/ojEMmvdOGZjJDkhFK6Qe48VfcuFDErR/gzr8xbQfR1gOBwznncnNPkHCmtG1/WUvLK6tr67mN/ObW9s5uYW+/qeJUUmjQmMeyHRAFnAloaKY5tBMJJAo4tIJBbeK37kEqFotbPUzAi0hPsJBRoo3kF4o133F7YJ+6uOaXf9jZXdnlUDGmUU3KLtlT4EXiZKSIMtT9wqfbjWkagdCUE6U6jp1ob0SkZpTDOO+mChJCB6QHHUMFiUB5o+kxY3xslC4OY2me0Hiq/p4YkUipYRSYZER0X817E/E/r5Pq8NIbMZGkGgSdLQpTjnWMJ83gLpNANR8aQqhk5q+Y9okkVJv+8qYEZ/7kRdIsl5zzkn1TKVavsjpy6BAdoRPkoAtURdeojhqIogf0hF7Qq/VoPVtv1vssumRlMwfoD6yPb4p2mCI=</latexit>

C1 � 0, C2 � 0, C2
3  4C1C2

|P violating| < P conserving
[Remmen, Rodd,1908.09845] [T. Trott, 2011.10058]

<latexit sha1_base64="eRMeJOXvXxkV25LtU/3ykEVejno="></latexit>

1 r
�r 1
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Example 6: SM W boson, gluons

✦ W boson: SO(2) x SU(2)

✦ Bounds (elastic only covers first 4)

✦ Gluon: SO(2) x SU(3)

+ D6 3gluon operator

✦ Bounds 
x’s are:

7D polyhedral cone with 48 faces
✦ See [Yamashita, Zhou, CZ, 2009.04490]  

for more W+B cases and 
applications in aQGC. [X. Li et al., 2101.01191]

[C. Murphy, 2005.00059]
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Example 7: SM fermions

✦ Lepton doublet

✦ up/down quarks

✦ Generators

✦ Generators

✦ Bounds:

✦ Bounds:

32

[de Blas, Criado, Pérez-Victoria, Santiago, 2005.00059]Notations following



Example 7: SM fermions

✦ Quark doublet ✦ Bounds:

✦ Generators

More constraining than elastic approach; 
See also [T. Trott, 2011.10058]
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SM positivity summary

✦ Dim-8 bounds for self-quartics (F4) are all solved from the generator point of view. 

✦ Approach: 

✦ Compute the amplitude, map the coefficients. 

✦ Enumerate the m matrices and construct generators. (VE to get bounds.) 

✦ Map the generators to the Wilson coef. space. VE to get bounds. 

✦ Some results for cross-quartics (F12F22) (W+B, L+R fermions). Needs a “continuous 
vertex enumeration”. 

✦ For operators with more fields, may resort to a different approach. E.g. semidefinite 
programming.
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The inverse problem

35



Inverse problem at the tree level

✦ Consider tree level UV completion: SM +


✦ Two kinds of information


✦ Particle spectrum: masses, widths, overall coupling g. 
Not possible from dim-8 measurements.


✦ Interaction: the currents (fixed by charge/irreps), and relative couplings 
                        We are interested in determining this.

36



<latexit sha1_base64="FZe+rPQkUwqBHJP0dDk3w49cOow="></latexit>

Mijkl =
1

2⇡

Z 1

(✏⇤)2

ds

s3

X

X

⇣
Mij!XM⇤

kl!X +Mil̄!XM⇤
kj̄!X

⌘

Inverse problem at the tree level

✦ Q: Knowing                        ,  or 
 
or 
 
How do we determine              ?      (Matching: RHS -> LHS; Inverse: LHS -> RHS)

<latexit sha1_base64="FEmDu6KFL7aR0vRVrxxCHcwD1Gg=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBhZRERF0WXeiygn1AE8LNdNIOnTyYmSgldOPGX3HjQhG3/oM7/8ZJm4W2HrhwOOde7r3HTziTyrK+jdLC4tLySnm1sra+sbllbu+0ZJwKQpsk5rHo+CApZxFtKqY47SSCQuhz2vaHV7nfvqdCsji6U6OEuiH0IxYwAkpLnrn/4DnAkwEcO9gJQQ0IcHxdaJ5ZtWrWBHie2AWpogINz/xyejFJQxopwkHKrm0lys1AKEY4HVecVNIEyBD6tKtpBCGVbjb5YowPtdLDQSx0RQpP1N8TGYRSjkJfd+aHylkvF//zuqkKLtyMRUmqaESmi4KUYxXjPBLcY4ISxUeaABFM34rJAAQQpYOr6BDs2ZfnSeukZp/VrNvTav2yiKOM9tABOkI2Okd1dIMaqIkIekTP6BW9GU/Gi/FufExbS0Yxs4v+wPj8AaPbmAY=</latexit>

w↵, G↵

37



<latexit sha1_base64="FZe+rPQkUwqBHJP0dDk3w49cOow="></latexit>

Mijkl =
1

2⇡

Z 1

(✏⇤)2

ds

s3

X

X

⇣
Mij!XM⇤

kl!X +Mil̄!XM⇤
kj̄!X

⌘

Inverse problem at the tree level

✦ Q: Knowing                        ,  or 
 
or 
 
How do we determine              ?      (Matching: RHS -> LHS; Inverse: LHS -> RHS)

✦ In general impossible: more G (generators) than # coefficients.

<latexit sha1_base64="FEmDu6KFL7aR0vRVrxxCHcwD1Gg=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBhZRERF0WXeiygn1AE8LNdNIOnTyYmSgldOPGX3HjQhG3/oM7/8ZJm4W2HrhwOOde7r3HTziTyrK+jdLC4tLySnm1sra+sbllbu+0ZJwKQpsk5rHo+CApZxFtKqY47SSCQuhz2vaHV7nfvqdCsji6U6OEuiH0IxYwAkpLnrn/4DnAkwEcO9gJQQ0IcHxdaJ5ZtWrWBHie2AWpogINz/xyejFJQxopwkHKrm0lys1AKEY4HVecVNIEyBD6tKtpBCGVbjb5YowPtdLDQSx0RQpP1N8TGYRSjkJfd+aHylkvF//zuqkKLtyMRUmqaESmi4KUYxXjPBLcY4ISxUeaABFM34rJAAQQpYOr6BDs2ZfnSeukZp/VrNvTav2yiKOM9tABOkI2Okd1dIMaqIkIekTP6BW9GU/Gi/FufExbS0Yxs4v+wPj8AaPbmAY=</latexit>

w↵, G↵

37



<latexit sha1_base64="FZe+rPQkUwqBHJP0dDk3w49cOow="></latexit>

Mijkl =
1

2⇡

Z 1

(✏⇤)2

ds

s3

X

X

⇣
Mij!XM⇤

kl!X +Mil̄!XM⇤
kj̄!X

⌘

Inverse problem at the tree level

✦ Q: Knowing                        ,  or 
 
or 
 
How do we determine              ?      (Matching: RHS -> LHS; Inverse: LHS -> RHS)

✦ In general impossible: more G (generators) than # coefficients.

✦ Exception: M is extremal.

<latexit sha1_base64="FEmDu6KFL7aR0vRVrxxCHcwD1Gg=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBhZRERF0WXeiygn1AE8LNdNIOnTyYmSgldOPGX3HjQhG3/oM7/8ZJm4W2HrhwOOde7r3HTziTyrK+jdLC4tLySnm1sra+sbllbu+0ZJwKQpsk5rHo+CApZxFtKqY47SSCQuhz2vaHV7nfvqdCsji6U6OEuiH0IxYwAkpLnrn/4DnAkwEcO9gJQQ0IcHxdaJ5ZtWrWBHie2AWpogINz/xyejFJQxopwkHKrm0lys1AKEY4HVecVNIEyBD6tKtpBCGVbjb5YowPtdLDQSx0RQpP1N8TGYRSjkJfd+aHylkvF//zuqkKLtyMRUmqaESmi4KUYxXjPBLcY4ISxUeaABFM34rJAAQQpYOr6BDs2ZfnSeukZp/VrNvTav2yiKOM9tABOkI2Okd1dIMaqIkIekTP6BW9GU/Gi/FufExbS0Yxs4v+wPj8AaPbmAY=</latexit>

w↵, G↵

37



<latexit sha1_base64="FZe+rPQkUwqBHJP0dDk3w49cOow="></latexit>

Mijkl =
1

2⇡

Z 1

(✏⇤)2

ds

s3

X

X

⇣
Mij!XM⇤

kl!X +Mil̄!XM⇤
kj̄!X

⌘

Inverse problem at the tree level

✦ Q: Knowing                        ,  or 
 
or 
 
How do we determine              ?      (Matching: RHS -> LHS; Inverse: LHS -> RHS)

✦ In general impossible: more G (generators) than # coefficients.

✦ Exception: M is extremal.

✦ E.g rank-1 sym. matrix                                       
( Rank-1 sym. matrix is the ER of the cone of PSD matrices, generated by uiuj )

<latexit sha1_base64="FEmDu6KFL7aR0vRVrxxCHcwD1Gg=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBhZRERF0WXeiygn1AE8LNdNIOnTyYmSgldOPGX3HjQhG3/oM7/8ZJm4W2HrhwOOde7r3HTziTyrK+jdLC4tLySnm1sra+sbllbu+0ZJwKQpsk5rHo+CApZxFtKqY47SSCQuhz2vaHV7nfvqdCsji6U6OEuiH0IxYwAkpLnrn/4DnAkwEcO9gJQQ0IcHxdaJ5ZtWrWBHie2AWpogINz/xyejFJQxopwkHKrm0lys1AKEY4HVecVNIEyBD6tKtpBCGVbjb5YowPtdLDQSx0RQpP1N8TGYRSjkJfd+aHylkvF//zuqkKLtyMRUmqaESmi4KUYxXjPBLcY4ISxUeaABFM34rJAAQQpYOr6BDs2ZfnSeukZp/VrNvTav2yiKOM9tABOkI2Okd1dIMaqIkIekTP6BW9GU/Gi/FufExbS0Yxs4v+wPj8AaPbmAY=</latexit>

w↵, G↵

37

<latexit sha1_base64="qhMVHeVe5E12jMcu8nu7ZrLnjxg=">AAACC3icbVDLSsNAFJ34rPUVdekmtAh1UxIRdSMU3bgRKtgHNGmZTCbttDOTMDMRSujejb/ixoUibv0Bd/6NkzYLbT0ww+Gce7n3Hj+mRCrb/jaWlldW19YLG8XNre2dXXNvvymjRCDcQBGNRNuHElPCcUMRRXE7Fhgyn+KWP7rO/NYDFpJE/F6NY+wx2OckJAgqLfXM0m03JcPJpUu4chlUA8HSYCKTLqnI46Q71H/PLNtVewprkTg5KYMc9Z755QYRShjmClEoZcexY+WlUCiCKJ4U3UTiGKIR7OOOphwyLL10esvEOtJKYIWR0I8ra6r+7kghk3LMfF2ZrSvnvUz8z+skKrzwUsLjRGGOZoPChFoqsrJgrIAIjBQdawKRIHpXCw2ggEjp+Io6BGf+5EXSPKk6Z1X77rRcu8rjKIBDUAIV4IBzUAM3oA4aAIFH8AxewZvxZLwY78bHrHTJyHsOwB8Ynz8dv5sT</latexit>

M ij =

Z
dsui(s)uj(s)



<latexit sha1_base64="FZe+rPQkUwqBHJP0dDk3w49cOow="></latexit>

Mijkl =
1

2⇡

Z 1

(✏⇤)2

ds

s3

X

X

⇣
Mij!XM⇤

kl!X +Mil̄!XM⇤
kj̄!X

⌘

Inverse problem at the tree level

✦ Q: Knowing                        ,  or 
 
or 
 
How do we determine              ?      (Matching: RHS -> LHS; Inverse: LHS -> RHS)

✦ In general impossible: more G (generators) than # coefficients.

✦ Exception: M is extremal.

✦ E.g rank-1 sym. matrix                                       
( Rank-1 sym. matrix is the ER of the cone of PSD matrices, generated by uiuj )

✦ Similarly, Mijkl cannot be split -> all integrands equal to M up to normalization.

<latexit sha1_base64="FEmDu6KFL7aR0vRVrxxCHcwD1Gg=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBhZRERF0WXeiygn1AE8LNdNIOnTyYmSgldOPGX3HjQhG3/oM7/8ZJm4W2HrhwOOde7r3HTziTyrK+jdLC4tLySnm1sra+sbllbu+0ZJwKQpsk5rHo+CApZxFtKqY47SSCQuhz2vaHV7nfvqdCsji6U6OEuiH0IxYwAkpLnrn/4DnAkwEcO9gJQQ0IcHxdaJ5ZtWrWBHie2AWpogINz/xyejFJQxopwkHKrm0lys1AKEY4HVecVNIEyBD6tKtpBCGVbjb5YowPtdLDQSx0RQpP1N8TGYRSjkJfd+aHylkvF//zuqkKLtyMRUmqaESmi4KUYxXjPBLcY4ISxUeaABFM34rJAAQQpYOr6BDs2ZfnSeukZp/VrNvTav2yiKOM9tABOkI2Okd1dIMaqIkIekTP6BW9GU/Gi/FufExbS0Yxs4v+wPj8AaPbmAY=</latexit>

w↵, G↵

37

<latexit sha1_base64="qhMVHeVe5E12jMcu8nu7ZrLnjxg=">AAACC3icbVDLSsNAFJ34rPUVdekmtAh1UxIRdSMU3bgRKtgHNGmZTCbttDOTMDMRSujejb/ixoUibv0Bd/6NkzYLbT0ww+Gce7n3Hj+mRCrb/jaWlldW19YLG8XNre2dXXNvvymjRCDcQBGNRNuHElPCcUMRRXE7Fhgyn+KWP7rO/NYDFpJE/F6NY+wx2OckJAgqLfXM0m03JcPJpUu4chlUA8HSYCKTLqnI46Q71H/PLNtVewprkTg5KYMc9Z755QYRShjmClEoZcexY+WlUCiCKJ4U3UTiGKIR7OOOphwyLL10esvEOtJKYIWR0I8ra6r+7kghk3LMfF2ZrSvnvUz8z+skKrzwUsLjRGGOZoPChFoqsrJgrIAIjBQdawKRIHpXCw2ggEjp+Io6BGf+5EXSPKk6Z1X77rRcu8rjKIBDUAIV4IBzUAM3oA4aAIFH8AxewZvxZLwY78bHrHTJyHsOwB8Ynz8dv5sT</latexit>

M ij =

Z
dsui(s)uj(s)



SM Higgs
Intermediate states:

<latexit sha1_base64="7N7VJLOQv3my9MU5o4lO7fLMiKU="></latexit>

LH = g1(H
T
✏
 !
D µH)V µ†

1 + g1S(H
†
H)S1

+ ig1A(H
† !
D µH)V µ

2 + g3(H
T
✏⌧

I
H)SI†

2

+ g3S(H
†
⌧
I
H)SI

3 + ig3A(H
†
⌧
I
 !
D µH)V µI

3 + h.c.
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SM Higgs
Intermediate states:

<latexit sha1_base64="7N7VJLOQv3my9MU5o4lO7fLMiKU="></latexit>

LH = g1(H
T
✏
 !
D µH)V µ†

1 + g1S(H
†
H)S1

+ ig1A(H
† !
D µH)V µ

2 + g3(H
T
✏⌧

I
H)SI†

2

+ g3S(H
†
⌧
I
H)SI

3 + ig3A(H
†
⌧
I
 !
D µH)V µI

3 + h.c.

38

(max distance between two valid w’s)

<latexit sha1_base64="uQ972V/rhDoMnJEXNkHlX/D6/Ag=">AAACBHicbZDLSsNAFIYnXmu9RV12M1iECqUkRaoboejGZQV7gSaEyWTaDp1MwsykpYQu3Pgqblwo4taHcOfbOG2z0NYfBj7+cw5nzu/HjEplWd/G2vrG5tZ2bie/u7d/cGgeHbdklAhMmjhikej4SBJGOWkqqhjpxIKg0Gek7Q9vZ/X2iAhJI/6gJjFxQ9TntEcxUtryzIIzIhiOr0tjzy6PvWrZwUGkpMbauWcWrYo1F1wFO4MiyNTwzC8niHASEq4wQ1J2bStWboqEopiRad5JJIkRHqI+6WrkKCTSTedHTOGZdgLYi4R+XMG5+3siRaGUk9DXnSFSA7lcm5n/1bqJ6l25KeVxogjHi0W9hEEVwVkiMKCCYMUmGhAWVP8V4gESCCudW16HYC+fvAqtasWuVaz7i2L9JosjBwrgFJSADS5BHdyBBmgCDB7BM3gFb8aT8WK8Gx+L1jUjmzkBf2R8/gBIXJaV</latexit>

~w = (w1, w2, · · · , w6)Uncertainty of 



SM Higgs

1. Unique solution at ERs: perfect dim-8 measurement 
may be able to uniquely determine UV particle 
content.


2. C=0 implies w=0 [positive projection on (2,3,1)]: 
perfect dim-8 measurement can exclude all BSM.


3. Finite uncertainties: dim-8 measurement can set 
exclusion limit on all UV particles, in terms of g2/M4. 
(Model-independent; cannot be evaded by tuning.)

Intermediate states:

<latexit sha1_base64="7N7VJLOQv3my9MU5o4lO7fLMiKU="></latexit>

LH = g1(H
T
✏
 !
D µH)V µ†

1 + g1S(H
†
H)S1

+ ig1A(H
† !
D µH)V µ

2 + g3(H
T
✏⌧

I
H)SI†

2

+ g3S(H
†
⌧
I
H)SI

3 + ig3A(H
†
⌧
I
 !
D µH)V µI

3 + h.c.
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(max distance between two valid w’s)

<latexit sha1_base64="uQ972V/rhDoMnJEXNkHlX/D6/Ag=">AAACBHicbZDLSsNAFIYnXmu9RV12M1iECqUkRaoboejGZQV7gSaEyWTaDp1MwsykpYQu3Pgqblwo4taHcOfbOG2z0NYfBj7+cw5nzu/HjEplWd/G2vrG5tZ2bie/u7d/cGgeHbdklAhMmjhikej4SBJGOWkqqhjpxIKg0Gek7Q9vZ/X2iAhJI/6gJjFxQ9TntEcxUtryzIIzIhiOr0tjzy6PvWrZwUGkpMbauWcWrYo1F1wFO4MiyNTwzC8niHASEq4wQ1J2bStWboqEopiRad5JJIkRHqI+6WrkKCTSTedHTOGZdgLYi4R+XMG5+3siRaGUk9DXnSFSA7lcm5n/1bqJ6l25KeVxogjHi0W9hEEVwVkiMKCCYMUmGhAWVP8V4gESCCudW16HYC+fvAqtasWuVaz7i2L9JosjBwrgFJSADS5BHdyBBmgCDB7BM3gFb8aT8WK8Gx+L1jUjmzkBf2R8/gBIXJaV</latexit>

~w = (w1, w2, · · · , w6)Uncertainty of 



SM Higgs

1. Unique solution at ERs: perfect dim-8 measurement 
may be able to uniquely determine UV particle 
content.


2. C=0 implies w=0 [positive projection on (2,3,1)]: 
perfect dim-8 measurement can exclude all BSM.


3. Finite uncertainties: dim-8 measurement can set 
exclusion limit on all UV particles, in terms of g2/M4. 
(Model-independent; cannot be evaded by tuning.)

Intermediate states:

<latexit sha1_base64="7N7VJLOQv3my9MU5o4lO7fLMiKU="></latexit>

LH = g1(H
T
✏
 !
D µH)V µ†

1 + g1S(H
†
H)S1

+ ig1A(H
† !
D µH)V µ

2 + g3(H
T
✏⌧

I
H)SI†

2

+ g3S(H
†
⌧
I
H)SI

3 + ig3A(H
†
⌧
I
 !
D µH)V µI

3 + h.c.
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(max distance between two valid w’s)

<latexit sha1_base64="uQ972V/rhDoMnJEXNkHlX/D6/Ag=">AAACBHicbZDLSsNAFIYnXmu9RV12M1iECqUkRaoboejGZQV7gSaEyWTaDp1MwsykpYQu3Pgqblwo4taHcOfbOG2z0NYfBj7+cw5nzu/HjEplWd/G2vrG5tZ2bie/u7d/cGgeHbdklAhMmjhikej4SBJGOWkqqhjpxIKg0Gek7Q9vZ/X2iAhJI/6gJjFxQ9TntEcxUtryzIIzIhiOr0tjzy6PvWrZwUGkpMbauWcWrYo1F1wFO4MiyNTwzC8niHASEq4wQ1J2bStWboqEopiRad5JJIkRHqI+6WrkKCTSTedHTOGZdgLYi4R+XMG5+3siRaGUk9DXnSFSA7lcm5n/1bqJ6l25KeVxogjHi0W9hEEVwVkiMKCCYMUmGhAWVP8V4gESCCudW16HYC+fvAqtasWuVaz7i2L9JosjBwrgFJSADS5BHdyBBmgCDB7BM3gFb8aT8WK8Gx+L1jUjmzkBf2R8/gBIXJaV</latexit>

~w = (w1, w2, · · · , w6)Uncertainty of 

(2,3,1)



Dim-6 vs dim-8
✦ Generators at dim-8 form a salient cone; at dim-6 this 

is not true. 

✦ Can be traced back to a minus sign between mijmkl 
and milmkj at dim-6. 

✦                       has very different implications

Dim-6 Dim-8

Unique solutions  No: Yes: Salient cone -> ERs always exist 
ER not splittable -> unique w.

Zero coefs.  
rule out all BSM  No: Yes: 0 is an extreme point of a salient 

cone.

Finite uncertainty; 
upper bound on 

w.
 No:      Yes: 

has nonzero solution
<latexit sha1_base64="RhmRMo4ovv48iAPRTbL/OXAMF1Y="></latexit>

w(6)
↵ ! w(6)

↵ + �w̄(6)
↵ ,� > 0

<latexit sha1_base64="gACxds3n3fNFBUPWOnFtCC4HHYA=">AAACHHicbVDLSgMxFM34rPU16tJNsAiKUmZUqsuiG5dV7AM6tdxJM21oJjMkGaUM/RA3/oobF4q4cSH4N6btLLR6IHA451xy7/FjzpR2nC9rZnZufmExt5RfXlldW7c3NmsqSiShVRLxSDZ8UJQzQauaaU4bsaQQ+pzW/f7FyK/fUalYJG70IKatELqCBYyANlLbPva4CXcAez5IfH+b7pX2h20PeNyDQw9nrseEF4Lu+QG+vj1o2wWn6IyB/xI3IwWUodK2P7xORJKQCk04KNV0nVi3UpCaEU6HeS9RNAbShy5tGiogpKqVjo8b4l2jdHAQSfOExmP150QKoVKD0DfJ0Ypq2huJ/3nNRAdnrZSJONFUkMlHQcKxjvCoKdxhkhLNB4YAkczsikkPJBBt+sybEtzpk/+S2lHRLRWdq5NC+TyrI4e20Q7aQy46RWV0iSqoigh6QE/oBb1aj9az9Wa9T6IzVjazhX7B+vwGAMugsg==</latexit>

�w̄(6)
↵ , � 2 R+

<latexit sha1_base64="RhmRMo4ovv48iAPRTbL/OXAMF1Y="></latexit>

w(6)
↵ ! w(6)

↵ + �w̄(6)
↵ ,� > 0

Dim-6 Dim-8

39



Photon with parity violation
<latexit sha1_base64="RW0gTawEFDswDm1xOaGh24VCai0=">AAAB+HicbVDLSsNAFL3xWeOjUZduBovgqiRV1GWxG5cV7AOaECbTSTt08mBmItTQL3HjQhG3foo7/8ZpmoW2HriXwzn3MndOkHImlW1/G2vrG5tb25Udc3dv/6BqHR51ZZIJQjsk4YnoB1hSzmLaUUxx2k8FxVHAaS+YtOZ+75EKyZL4QU1T6kV4FLOQEay05FvVlu+4rtnyG0W/8K2aXbcLoFXilKQGJdq+9eUOE5JFNFaEYykHjp0qL8dCMcLpzHQzSVNMJnhEB5rGOKLSy4vDZ+hMK0MUJkJXrFCh/t7IcSTlNAr0ZITVWC57c/E/b5Cp8MbLWZxmisZk8VCYcaQSNE8BDZmgRPGpJpgIpm9FZIwFJkpnZeoQnOUvr5Juo+5c1e37y1rztoyjAidwCufgwDU04Q7a0AECGTzDK7wZT8aL8W58LEbXjHLnGP7A+PwB3CWRRg==</latexit>

C1

C2

C3

<latexit sha1_base64="W1tRBsAhVcZeW0rvyHyw69ThIi0=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0s4m7m0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3xqg0j+WjmSToR3QgecgZNVZqd8fIyKA36pUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVffhslK7zeMowgmcwjl4cA01uIc6NICBgGd4hTfnyXlx3p2PRWvByWeO4Q+czx+rNo+6</latexit>

~gk

<latexit sha1_base64="qqRP88rcne6M7BqMmxkv0/IDH+o=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KomIeiz24rGC/YA2lM120q7dZMPuplBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpuapkqhg0mhVTtgGoUPMaG4UZgO1FIo0BgKxjVZn5rjEpzGT+aSYJ+RAcxDzmjxkrN7hgZqfVKZbfizkFWiZeTMuSo90pf3b5kaYSxYYJq3fHcxPgZVYYzgdNiN9WYUDaiA+xYGtMItZ/Nr52Sc6v0SSiVrdiQufp7IqOR1pMosJ0RNUO97M3E/7xOasJbP+NxkhqM2WJRmApiJJm9TvpcITNiYgllittbCRtSRZmxARVtCN7yy6ukeVnxrivuw1W5epfHUYBTOIML8OAGqnAPdWgAgyd4hld4c6Tz4rw7H4vWNSefOYE/cD5/APPhjrg=</latexit>

~C

✦ To set upper bound on one generator, 
when there are infinitely many of them:

<latexit sha1_base64="H1OGiw2xV9QTp8sk72fHLxSRNa8=">AAACGXicbZDNSgMxFIUz9b/+VV26CRahgpQZEXUjFN24VLBa6Iwlk962oZnMkNwRytDXcOOruHGhiEtd+Tam7SyseiDw5dx7Se4JEykMuu6XU5iZnZtfWFwqLq+srq2XNjZvTJxqDnUey1g3QmZACgV1FCihkWhgUSjhNuyfj+q396CNiNU1DhIIItZVoiM4Q2u1Sq5/D5x2W95pxeexuTvwsQfI9n0j1NQl571WqexW3bHoX/ByKJNcl63Sh9+OeRqBQi6ZMU3PTTDImEbBJQyLfmogYbzPutC0qFgEJsjGmw3prnXatBNrexTSsftzImORMYMotJ0Rw575XRuZ/9WaKXZOgkyoJEVQfPJQJ5UUYzqKibaFBo5yYIFxLexfKe8xzTjaMIs2BO/3yn/h5qDqHVXdq8Ny7SyPY5Fskx1SIR45JjVyQS5JnXDyQJ7IC3l1Hp1n5815n7QWnHxmi0zJ+fwGEWafvA==</latexit>

~g1 = (cos2 ✓, sin2 ✓, sin 2✓)

<latexit sha1_base64="+TTjPlEypm4sV7+zQKgGfAOxWjA=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahQilJEfUiFL14rGBtoQ1hs520SzebsLsplNB/4sWDIl79J978N27bHLT1wcDjvRlm5gUJZ0o7zrdVWFvf2Nwqbpd2dvf2D+zDoycVp5JCi8Y8lp2AKOBMQEszzaGTSCBRwKEdjO5mfnsMUrFYPOpJAl5EBoKFjBJtJN+2e2OgeODXbypu1a06575ddmrOHHiVuDkpoxxN3/7q9WOaRiA05USprusk2suI1IxymJZ6qYKE0BEZQNdQQSJQXja/fIrPjNLHYSxNCY3n6u+JjERKTaLAdEZED9WyNxP/87qpDq+9jIkk1SDoYlGYcqxjPIsB95kEqvnEEEIlM7diOiSSUG3CKpkQ3OWXV8lTveZe1pyHi3LjNo+jiE7QKaogF12hBrpHTdRCFI3RM3pFb1ZmvVjv1seitWDlM8foD6zPH0l1kXo=</latexit>

~g2 = (1, 1, 0)

40



Photon with parity violation
<latexit sha1_base64="RW0gTawEFDswDm1xOaGh24VCai0=">AAAB+HicbVDLSsNAFL3xWeOjUZduBovgqiRV1GWxG5cV7AOaECbTSTt08mBmItTQL3HjQhG3foo7/8ZpmoW2HriXwzn3MndOkHImlW1/G2vrG5tb25Udc3dv/6BqHR51ZZIJQjsk4YnoB1hSzmLaUUxx2k8FxVHAaS+YtOZ+75EKyZL4QU1T6kV4FLOQEay05FvVlu+4rtnyG0W/8K2aXbcLoFXilKQGJdq+9eUOE5JFNFaEYykHjp0qL8dCMcLpzHQzSVNMJnhEB5rGOKLSy4vDZ+hMK0MUJkJXrFCh/t7IcSTlNAr0ZITVWC57c/E/b5Cp8MbLWZxmisZk8VCYcaQSNE8BDZmgRPGpJpgIpm9FZIwFJkpnZeoQnOUvr5Juo+5c1e37y1rztoyjAidwCufgwDU04Q7a0AECGTzDK7wZT8aL8W58LEbXjHLnGP7A+PwB3CWRRg==</latexit>

C1

C2

C3

<latexit sha1_base64="W1tRBsAhVcZeW0rvyHyw69ThIi0=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0s4m7m0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3xqg0j+WjmSToR3QgecgZNVZqd8fIyKA36pUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVffhslK7zeMowgmcwjl4cA01uIc6NICBgGd4hTfnyXlx3p2PRWvByWeO4Q+czx+rNo+6</latexit>

~gk

<latexit sha1_base64="qqRP88rcne6M7BqMmxkv0/IDH+o=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KomIeiz24rGC/YA2lM120q7dZMPuplBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpuapkqhg0mhVTtgGoUPMaG4UZgO1FIo0BgKxjVZn5rjEpzGT+aSYJ+RAcxDzmjxkrN7hgZqfVKZbfizkFWiZeTMuSo90pf3b5kaYSxYYJq3fHcxPgZVYYzgdNiN9WYUDaiA+xYGtMItZ/Nr52Sc6v0SSiVrdiQufp7IqOR1pMosJ0RNUO97M3E/7xOasJbP+NxkhqM2WJRmApiJJm9TvpcITNiYgllittbCRtSRZmxARVtCN7yy6ukeVnxrivuw1W5epfHUYBTOIML8OAGqnAPdWgAgyd4hld4c6Tz4rw7H4vWNSefOYE/cD5/APPhjrg=</latexit>

~C

✦ To set upper bound on one generator, 
when there are infinitely many of them:

<latexit sha1_base64="H1OGiw2xV9QTp8sk72fHLxSRNa8=">AAACGXicbZDNSgMxFIUz9b/+VV26CRahgpQZEXUjFN24VLBa6Iwlk962oZnMkNwRytDXcOOruHGhiEtd+Tam7SyseiDw5dx7Se4JEykMuu6XU5iZnZtfWFwqLq+srq2XNjZvTJxqDnUey1g3QmZACgV1FCihkWhgUSjhNuyfj+q396CNiNU1DhIIItZVoiM4Q2u1Sq5/D5x2W95pxeexuTvwsQfI9n0j1NQl571WqexW3bHoX/ByKJNcl63Sh9+OeRqBQi6ZMU3PTTDImEbBJQyLfmogYbzPutC0qFgEJsjGmw3prnXatBNrexTSsftzImORMYMotJ0Rw575XRuZ/9WaKXZOgkyoJEVQfPJQJ5UUYzqKibaFBo5yYIFxLexfKe8xzTjaMIs2BO/3yn/h5qDqHVXdq8Ny7SyPY5Fskx1SIR45JjVyQS5JnXDyQJ7IC3l1Hp1n5815n7QWnHxmi0zJ+fwGEWafvA==</latexit>

~g1 = (cos2 ✓, sin2 ✓, sin 2✓)

<latexit sha1_base64="+TTjPlEypm4sV7+zQKgGfAOxWjA=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahQilJEfUiFL14rGBtoQ1hs520SzebsLsplNB/4sWDIl79J978N27bHLT1wcDjvRlm5gUJZ0o7zrdVWFvf2Nwqbpd2dvf2D+zDoycVp5JCi8Y8lp2AKOBMQEszzaGTSCBRwKEdjO5mfnsMUrFYPOpJAl5EBoKFjBJtJN+2e2OgeODXbypu1a06575ddmrOHHiVuDkpoxxN3/7q9WOaRiA05USprusk2suI1IxymJZ6qYKE0BEZQNdQQSJQXja/fIrPjNLHYSxNCY3n6u+JjERKTaLAdEZED9WyNxP/87qpDq+9jIkk1SDoYlGYcqxjPIsB95kEqvnEEEIlM7diOiSSUG3CKpkQ3OWXV8lTveZe1pyHi3LjNo+jiE7QKaogF12hBrpHTdRCFI3RM3pFb1ZmvVjv1seitWDlM8foD6zPH0l1kXo=</latexit>

~g2 = (1, 1, 0)

40



<latexit sha1_base64="RW0gTawEFDswDm1xOaGh24VCai0=">AAAB+HicbVDLSsNAFL3xWeOjUZduBovgqiRV1GWxG5cV7AOaECbTSTt08mBmItTQL3HjQhG3foo7/8ZpmoW2HriXwzn3MndOkHImlW1/G2vrG5tb25Udc3dv/6BqHR51ZZIJQjsk4YnoB1hSzmLaUUxx2k8FxVHAaS+YtOZ+75EKyZL4QU1T6kV4FLOQEay05FvVlu+4rtnyG0W/8K2aXbcLoFXilKQGJdq+9eUOE5JFNFaEYykHjp0qL8dCMcLpzHQzSVNMJnhEB5rGOKLSy4vDZ+hMK0MUJkJXrFCh/t7IcSTlNAr0ZITVWC57c/E/b5Cp8MbLWZxmisZk8VCYcaQSNE8BDZmgRPGpJpgIpm9FZIwFJkpnZeoQnOUvr5Juo+5c1e37y1rztoyjAidwCufgwDU04Q7a0AECGTzDK7wZT8aL8W58LEbXjHLnGP7A+PwB3CWRRg==</latexit>

C1

C2

C3

<latexit sha1_base64="W1tRBsAhVcZeW0rvyHyw69ThIi0=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0s4m7m0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3xqg0j+WjmSToR3QgecgZNVZqd8fIyKA36pUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVffhslK7zeMowgmcwjl4cA01uIc6NICBgGd4hTfnyXlx3p2PRWvByWeO4Q+czx+rNo+6</latexit>

~gk

<latexit sha1_base64="qqRP88rcne6M7BqMmxkv0/IDH+o=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KomIeiz24rGC/YA2lM120q7dZMPuplBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpuapkqhg0mhVTtgGoUPMaG4UZgO1FIo0BgKxjVZn5rjEpzGT+aSYJ+RAcxDzmjxkrN7hgZqfVKZbfizkFWiZeTMuSo90pf3b5kaYSxYYJq3fHcxPgZVYYzgdNiN9WYUDaiA+xYGtMItZ/Nr52Sc6v0SSiVrdiQufp7IqOR1pMosJ0RNUO97M3E/7xOasJbP+NxkhqM2WJRmApiJJm9TvpcITNiYgllittbCRtSRZmxARVtCN7yy6ukeVnxrivuw1W5epfHUYBTOIML8OAGqnAPdWgAgyd4hld4c6Tz4rw7H4vWNSefOYE/cD5/APPhjrg=</latexit>

~C

<latexit sha1_base64="UivVBQE8SjaJUBeAx0SXBYiwWpA=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBahbkoioi6L3bgRKtgHNCFMJtN26OTBzKRSYj/FjQtF3Pol7vwbp20W2npg4HDOPdw7x084k8qyvo3C2vrG5lZxu7Szu7d/YJYP2zJOBaEtEvNYdH0sKWcRbSmmOO0mguLQ57TjjxozvzOmQrI4elCThLohHkSszwhWWvLMsjOmBDWqDteZAHt3Z55ZsWrWHGiV2DmpQI6mZ345QUzSkEaKcCxlz7YS5WZYKEY4nZacVNIEkxEe0J6mEQ6pdLP56VN0qpUA9WOhX6TQXP2dyHAo5ST09WSI1VAuezPxP6+Xqv61m7EoSRWNyGJRP+VIxWjWAwqYoETxiSaYCKZvRWSIBSZKt1XSJdjLX14l7fOafVmz7i8q9Zu8jiIcwwlUwYYrqMMtNKEFBB7hGV7hzXgyXox342MxWjDyzBH8gfH5A9HEkxE=</latexit>

~C(�M )

✦ To set upper bound on one generator, 
when there are infinitely many of them:

<latexit sha1_base64="H1OGiw2xV9QTp8sk72fHLxSRNa8=">AAACGXicbZDNSgMxFIUz9b/+VV26CRahgpQZEXUjFN24VLBa6Iwlk962oZnMkNwRytDXcOOruHGhiEtd+Tam7SyseiDw5dx7Se4JEykMuu6XU5iZnZtfWFwqLq+srq2XNjZvTJxqDnUey1g3QmZACgV1FCihkWhgUSjhNuyfj+q396CNiNU1DhIIItZVoiM4Q2u1Sq5/D5x2W95pxeexuTvwsQfI9n0j1NQl571WqexW3bHoX/ByKJNcl63Sh9+OeRqBQi6ZMU3PTTDImEbBJQyLfmogYbzPutC0qFgEJsjGmw3prnXatBNrexTSsftzImORMYMotJ0Rw575XRuZ/9WaKXZOgkyoJEVQfPJQJ5UUYzqKibaFBo5yYIFxLexfKe8xzTjaMIs2BO/3yn/h5qDqHVXdq8Ny7SyPY5Fskx1SIR45JjVyQS5JnXDyQJ7IC3l1Hp1n5815n7QWnHxmi0zJ+fwGEWafvA==</latexit>

~g1 = (cos2 ✓, sin2 ✓, sin 2✓)

<latexit sha1_base64="+TTjPlEypm4sV7+zQKgGfAOxWjA=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahQilJEfUiFL14rGBtoQ1hs520SzebsLsplNB/4sWDIl79J978N27bHLT1wcDjvRlm5gUJZ0o7zrdVWFvf2Nwqbpd2dvf2D+zDoycVp5JCi8Y8lp2AKOBMQEszzaGTSCBRwKEdjO5mfnsMUrFYPOpJAl5EBoKFjBJtJN+2e2OgeODXbypu1a06575ddmrOHHiVuDkpoxxN3/7q9WOaRiA05USprusk2suI1IxymJZ6qYKE0BEZQNdQQSJQXja/fIrPjNLHYSxNCY3n6u+JjERKTaLAdEZED9WyNxP/87qpDq+9jIkk1SDoYlGYcqxjPIsB95kEqvnEEEIlM7diOiSSUG3CKpkQ3OWXV8lTveZe1pyHi3LjNo+jiE7QKaogF12hBrpHTdRCFI3RM3pFb1ZmvVjv1seitWDlM8foD6zPH0l1kXo=</latexit>

~g2 = (1, 1, 0)
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Photon with parity violation



P-evenP-odd

Mixing with 𝜽

<latexit sha1_base64="yct3d9tPPwTiQmdxGIWv7tjve3Q=">AAACInicbZDLSsNAFIYn9VbrrerSTbAIFbUkVbzsit24rGAv0IQwmU7aoZMLMydCCX0WN76KGxeKuhJ8GCdtQG39YeDjP+dw5vxuxJkEw/jUcguLS8sr+dXC2vrG5lZxe6clw1gQ2iQhD0XHxZJyFtAmMOC0EwmKfZfTtjusp/X2PRWShcEdjCJq+7gfMI8RDMpyilcWpx6ULU9gktQd86TuVMcpHKVwPPWrdef0x7QE6w/g0CmWjIoxkT4PZgYllKnhFN+tXkhinwZAOJayaxoR2AkWwAin44IVSxphMsR92lUYYJ9KO5mcONYPlNPTvVCoF4A+cX9PJNiXcuS7qtPHMJCztdT8r9aNwbu0ExZEMdCATBd5Mdch1NO89B4TlAAfKcBEMPVXnQywSgVUqgUVgjl78jy0qhXzvGLcnpVq11kcebSH9lEZmegC1dANaqAmIugBPaEX9Ko9as/am/Yxbc1p2cwu+iPt6xsvlaI3</latexit>✓
C1 � C2

C1 + C2
,

2C3

C1 + C2

◆

<latexit sha1_base64="qqRP88rcne6M7BqMmxkv0/IDH+o=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KomIeiz24rGC/YA2lM120q7dZMPuplBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpuapkqhg0mhVTtgGoUPMaG4UZgO1FIo0BgKxjVZn5rjEpzGT+aSYJ+RAcxDzmjxkrN7hgZqfVKZbfizkFWiZeTMuSo90pf3b5kaYSxYYJq3fHcxPgZVYYzgdNiN9WYUDaiA+xYGtMItZ/Nr52Sc6v0SSiVrdiQufp7IqOR1pMosJ0RNUO97M3E/7xOasJbP+NxkhqM2WJRmApiJJm9TvpcITNiYgllittbCRtSRZmxARVtCN7yy6ukeVnxrivuw1W5epfHUYBTOIML8OAGqnAPdWgAgyd4hld4c6Tz4rw7H4vWNSefOYE/cD5/APPhjrg=</latexit>

~C
d 
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Photon with parity violation



P-evenP-odd

Mixing with 𝜽

<latexit sha1_base64="yct3d9tPPwTiQmdxGIWv7tjve3Q=">AAACInicbZDLSsNAFIYn9VbrrerSTbAIFbUkVbzsit24rGAv0IQwmU7aoZMLMydCCX0WN76KGxeKuhJ8GCdtQG39YeDjP+dw5vxuxJkEw/jUcguLS8sr+dXC2vrG5lZxe6clw1gQ2iQhD0XHxZJyFtAmMOC0EwmKfZfTtjusp/X2PRWShcEdjCJq+7gfMI8RDMpyilcWpx6ULU9gktQd86TuVMcpHKVwPPWrdef0x7QE6w/g0CmWjIoxkT4PZgYllKnhFN+tXkhinwZAOJayaxoR2AkWwAin44IVSxphMsR92lUYYJ9KO5mcONYPlNPTvVCoF4A+cX9PJNiXcuS7qtPHMJCztdT8r9aNwbu0ExZEMdCATBd5Mdch1NO89B4TlAAfKcBEMPVXnQywSgVUqgUVgjl78jy0qhXzvGLcnpVq11kcebSH9lEZmegC1dANaqAmIugBPaEX9Ko9as/am/Yxbc1p2cwu+iPt6xsvlaI3</latexit>✓
C1 � C2

C1 + C2
,

2C3

C1 + C2

◆

<latexit sha1_base64="qqRP88rcne6M7BqMmxkv0/IDH+o=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KomIeiz24rGC/YA2lM120q7dZMPuplBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpuapkqhg0mhVTtgGoUPMaG4UZgO1FIo0BgKxjVZn5rjEpzGT+aSYJ+RAcxDzmjxkrN7hgZqfVKZbfizkFWiZeTMuSo90pf3b5kaYSxYYJq3fHcxPgZVYYzgdNiN9WYUDaiA+xYGtMItZ/Nr52Sc6v0SSiVrdiQufp7IqOR1pMosJ0RNUO97M3E/7xOasJbP+NxkhqM2WJRmApiJJm9TvpcITNiYgllittbCRtSRZmxARVtCN7yy6ukeVnxrivuw1W5epfHUYBTOIML8OAGqnAPdWgAgyd4hld4c6Tz4rw7H4vWNSefOYE/cD5/APPhjrg=</latexit>

~C
d=1 

✦ What is the maximum contribution from a state that couples with 
                                     ?
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Photon with parity violation



P-evenP-odd

Mixing with 𝜽

<latexit sha1_base64="yct3d9tPPwTiQmdxGIWv7tjve3Q=">AAACInicbZDLSsNAFIYn9VbrrerSTbAIFbUkVbzsit24rGAv0IQwmU7aoZMLMydCCX0WN76KGxeKuhJ8GCdtQG39YeDjP+dw5vxuxJkEw/jUcguLS8sr+dXC2vrG5lZxe6clw1gQ2iQhD0XHxZJyFtAmMOC0EwmKfZfTtjusp/X2PRWShcEdjCJq+7gfMI8RDMpyilcWpx6ULU9gktQd86TuVMcpHKVwPPWrdef0x7QE6w/g0CmWjIoxkT4PZgYllKnhFN+tXkhinwZAOJayaxoR2AkWwAin44IVSxphMsR92lUYYJ9KO5mcONYPlNPTvVCoF4A+cX9PJNiXcuS7qtPHMJCztdT8r9aNwbu0ExZEMdCATBd5Mdch1NO89B4TlAAfKcBEMPVXnQywSgVUqgUVgjl78jy0qhXzvGLcnpVq11kcebSH9lEZmegC1dANaqAmIugBPaEX9Ko9as/am/Yxbc1p2cwu+iPt6xsvlaI3</latexit>✓
C1 � C2

C1 + C2
,

2C3

C1 + C2

◆

<latexit sha1_base64="qqRP88rcne6M7BqMmxkv0/IDH+o=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KomIeiz24rGC/YA2lM120q7dZMPuplBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpuapkqhg0mhVTtgGoUPMaG4UZgO1FIo0BgKxjVZn5rjEpzGT+aSYJ+RAcxDzmjxkrN7hgZqfVKZbfizkFWiZeTMuSo90pf3b5kaYSxYYJq3fHcxPgZVYYzgdNiN9WYUDaiA+xYGtMItZ/Nr52Sc6v0SSiVrdiQufp7IqOR1pMosJ0RNUO97M3E/7xOasJbP+NxkhqM2WJRmApiJJm9TvpcITNiYgllittbCRtSRZmxARVtCN7yy6ukeVnxrivuw1W5epfHUYBTOIML8OAGqnAPdWgAgyd4hld4c6Tz4rw7H4vWNSefOYE/cD5/APPhjrg=</latexit>

~C
d=.8

✦ What is the maximum contribution from a state that couples with 
                                     ?
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Photon with parity violation



P-evenP-odd

Mixing with 𝜽

<latexit sha1_base64="yct3d9tPPwTiQmdxGIWv7tjve3Q=">AAACInicbZDLSsNAFIYn9VbrrerSTbAIFbUkVbzsit24rGAv0IQwmU7aoZMLMydCCX0WN76KGxeKuhJ8GCdtQG39YeDjP+dw5vxuxJkEw/jUcguLS8sr+dXC2vrG5lZxe6clw1gQ2iQhD0XHxZJyFtAmMOC0EwmKfZfTtjusp/X2PRWShcEdjCJq+7gfMI8RDMpyilcWpx6ULU9gktQd86TuVMcpHKVwPPWrdef0x7QE6w/g0CmWjIoxkT4PZgYllKnhFN+tXkhinwZAOJayaxoR2AkWwAin44IVSxphMsR92lUYYJ9KO5mcONYPlNPTvVCoF4A+cX9PJNiXcuS7qtPHMJCztdT8r9aNwbu0ExZEMdCATBd5Mdch1NO89B4TlAAfKcBEMPVXnQywSgVUqgUVgjl78jy0qhXzvGLcnpVq11kcebSH9lEZmegC1dANaqAmIugBPaEX9Ko9as/am/Yxbc1p2cwu+iPt6xsvlaI3</latexit>✓
C1 � C2

C1 + C2
,

2C3

C1 + C2

◆

<latexit sha1_base64="qqRP88rcne6M7BqMmxkv0/IDH+o=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KomIeiz24rGC/YA2lM120q7dZMPuplBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpuapkqhg0mhVTtgGoUPMaG4UZgO1FIo0BgKxjVZn5rjEpzGT+aSYJ+RAcxDzmjxkrN7hgZqfVKZbfizkFWiZeTMuSo90pf3b5kaYSxYYJq3fHcxPgZVYYzgdNiN9WYUDaiA+xYGtMItZ/Nr52Sc6v0SSiVrdiQufp7IqOR1pMosJ0RNUO97M3E/7xOasJbP+NxkhqM2WJRmApiJJm9TvpcITNiYgllittbCRtSRZmxARVtCN7yy6ukeVnxrivuw1W5epfHUYBTOIML8OAGqnAPdWgAgyd4hld4c6Tz4rw7H4vWNSefOYE/cD5/APPhjrg=</latexit>
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Parity violation
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Photon with parity violation



e+e- scattering at ILC
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ee scattering at future lepton collider
In ee → ee, C5 does not give an 
independent contribution:

UV states and interactions

Generators:
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ee scattering at future lepton collider
In ee → ee, C5 does not give an 
independent contribution:

UV states and interactions

Generators:
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ee scattering at future lepton collider

Dim-8 Dim-6
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UV states
✦ Assume D-type scalar extension, gD = 0.8, MD = 2 TeV


✦ At ILC (with 1 TeV run), global fit ->


✦ What to conclude at dim-6?


✦ If assume the SM is only supplemented by D-type scalar,


✦ If assume the SM is extend by D and V’,


✦ If assuming more complicated models, not much to be concluded about the existence 
of UV states.
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<latexit sha1_base64="KK5Q3nVikOo5wb9tdJLxzpfQnw0="></latexit>

maximum �

subject to ~C � �~Ck 2 C

and �2
⇣
~C, ~CEXP

⌘
 �2

c

UV states

✦ What to conclude at dim-8?

✦ Upper bound on all states

✦ Take into account EXP errors 
i.e. convex optimization

49



<latexit sha1_base64="KK5Q3nVikOo5wb9tdJLxzpfQnw0="></latexit>

maximum �

subject to ~C � �~Ck 2 C

and �2
⇣
~C, ~CEXP

⌘
 �2

c

UV states

✦ What to conclude at dim-8?

✦ Upper bound on all states

✦ Take into account EXP errors 
i.e. convex optimization

✦ D is an ER:

0

0.013

0.025

0.038

0.05

ML MR D V' V VML MR D D' V' V

min(w) max(w) With exp. error:

D 
D’
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UV states

✦ Dim-8 measurement would universally exclude all alternative hypothesis:

<latexit sha1_base64="0+quGwmFB8bvrZJuoAcDm4aRLVc=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSBayLqropZBU9gIEfKC3WWZnUySITOz68ysEJZ8go2/YmOhiK2lnX/j5FFo9MCFwzn3cu89UcKo0o7zZeXm5hcWl/LLhZXVtfWN4uZWQ8WpxKSOYxbLVoQUYVSQuqaakVYiCeIRI82ofzXym/dEKhqLmh4kJOCoK2iHYqSNFBb3b8LKka/upM66YWXoUwG9Y9s9PLHdwOdI9yTPaqQxDIslx3bGgH+JOyUlMEU1LH767RinnAiNGVLKc51EBxmSmmJGhgU/VSRBuI+6xDNUIE5UkI0fGsI9o7RhJ5amhIZj9edEhrhSAx6ZztGNatYbif95Xqo7F0FGRZJqIvBkUSdlUMdwlA5sU0mwZgNDEJbU3ApxD0mEtcmwYEJwZ1/+SxomvzPbuT0tlS+nceTBDtgFB8AF56AMrkEV1AEGD+AJvIBX69F6tt6s90lrzprObINfsD6+AbS/m8M=</latexit>

MD/
p
gD 2 [2.1, 3.1]TeV
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Testing the SM

✦ If all dim-8 coefficients are consistent with 0, all states can be excluded to above 
certain scales
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Summary

• Dispersive integral defines the positive generator of the parameter space of dim-8 
Wilson coefficients.


• Allowed region is a convex cone and can be systematically determined.

★ Outside: no UV completion

★ At the ER (or boundary): “uniquely” determine 

(the charge/irrep/interactions of) UV particles

★ Near an ER/boundary: limited arbitrariness in finding 

the UV completion

★ More inside: more arbitrariness

• If we care about UV model and not just coefficient measurements, dim-8 
operators with s2 dependence contains vital information.
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Thank you
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Backups
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w(1S)
w(1A)

1A 1S

55

If SM is extended by 
“extremal” particles (1,1S,1A):

If SM is extended by “non-
extremal” particles (3,3S,3A):



SM lepton doublets

Solution space of
<latexit sha1_base64="PvnZVSJlzrpi/ggy4ZVVIw35BYU=">AAAB+nicbVDLSsNAFL2pr1pfqS7dBItQQUpSi7osunFZwT6gDWEynbRDJ5MwM7GU2E9x40IRt36JO//GaZuFth44cDjnXubO8WNGpbLtbyO3tr6xuZXfLuzs7u0fmMXDlowSgUkTRywSHR9JwignTUUVI51YEBT6jLT90e0sbz8SIWnEH9QkJm6IBpwGFCOlLc8slseecz72qpoXmrUzzyzZFXsOa1U4mShBhoZnfvX6EU5CwhVmSMquY8fKTZFQFDMyLfQSSWKER2hAulpyFBLppvPTp9apdvpWEAlNrqy5+3sjRaGUk9DXkyFSQ7mczcz/sm6igms3pTxOFOF48VCQMEtF1qwHq08FwYpNtEBYUH2rhYdIIKx0WwVdgrP85VXRqlacy4p9XyvVb7I68nAMJ1AGB66gDnfQgCZgGMMzvMKb8WS8GO/Gx2I0Z2Q7R/AHxucPqMKSUQ==</latexit>

(w1, w2, w3, w4)

Coefficients:

With
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SM lepton doublets

✦ There are C values where the solution is unique (the ERs). 
<latexit sha1_base64="SEyejjYH5Ra2/9wU1igJuFuZ+V4="></latexit>

~C / (�1, 0) : w2 = w3 = w4 = 0; ~C / (1,�1) : w1 = w2 = w4 = 0.

57



SM lepton doublets

✦ There are C values where the solution is unique (the ERs). 

✦ If C=0, all generators (w’s) vanish. 

✦ This means that an ideal measurement of dim-8 can rule out all BSM.

<latexit sha1_base64="SEyejjYH5Ra2/9wU1igJuFuZ+V4="></latexit>

~C / (�1, 0) : w2 = w3 = w4 = 0; ~C / (1,�1) : w1 = w2 = w4 = 0.
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SM lepton doublets

✦ There are C values where the solution is unique (the ERs). 

✦ If C=0, all generators (w’s) vanish. 

✦ This means that an ideal measurement of dim-8 can rule out all BSM.

✦ The arbitrariness in solutions for 
is always finite.

<latexit sha1_base64="jCpCoMqKj2cHauHnwG7TzQY96Cg=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68VjBfkAbymY7adduNmF3Uymh/8GLB0W8+n+8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8nfrNESrNY/lgxgn6Ee1LHnJGjZUanREy8tQtld2KOwNZJl5OypCj1i19dXoxSyOUhgmqddtzE+NnVBnOBE6KnVRjQtmQ9rFtqaQRaj+bXTshp1bpkTBWtqQhM/X3REYjrcdRYDsjagZ60ZuK/3nt1ITXfsZlkhqUbL4oTAUxMZm+TnpcITNibAllittbCRtQRZmxARVtCN7iy8ukcV7xLivu/UW5epPHUYBjOIEz8OAKqnAHNagDg0d4hld4c2LnxXl3PuatK04+cwR/4Hz+AELAjuw=</latexit>
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<latexit sha1_base64="SEyejjYH5Ra2/9wU1igJuFuZ+V4="></latexit>

~C / (�1, 0) : w2 = w3 = w4 = 0; ~C / (1,�1) : w1 = w2 = w4 = 0.
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SM lepton doublets

✦ There are C values where the solution is unique (the ERs). 

✦ If C=0, all generators (w’s) vanish. 

✦ This means that an ideal measurement of dim-8 can rule out all BSM.

✦ The arbitrariness in solutions for 
is always finite.

<latexit sha1_base64="jCpCoMqKj2cHauHnwG7TzQY96Cg=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68VjBfkAbymY7adduNmF3Uymh/8GLB0W8+n+8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8nfrNESrNY/lgxgn6Ee1LHnJGjZUanREy8tQtld2KOwNZJl5OypCj1i19dXoxSyOUhgmqddtzE+NnVBnOBE6KnVRjQtmQ9rFtqaQRaj+bXTshp1bpkTBWtqQhM/X3REYjrcdRYDsjagZ60ZuK/3nt1ITXfsZlkhqUbL4oTAUxMZm+TnpcITNibAllittbCRtQRZmxARVtCN7iy8ukcV7xLivu/UW5epPHUYBjOIEz8OAKqnAHNagDg0d4hld4c2LnxXl3PuatK04+cwR/4Hz+AELAjuw=</latexit>

~w

<latexit sha1_base64="SEyejjYH5Ra2/9wU1igJuFuZ+V4="></latexit>

~C / (�1, 0) : w2 = w3 = w4 = 0; ~C / (1,�1) : w1 = w2 = w4 = 0.
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w(1)

1A 1

w(1A)

1A 1

w(3A)

1A 1
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w(1)

(0,-1) 1

w(3)

(0,-1) 1

w(1S)

(0,-1) 1

w(3S)

(0,-1) 1
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