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Dim-8 anomalous QGC is a commonly used TH framework to interpret 
VBS (and tri-boson) results.


VBS @ HL/HE-LHC: QGC sensitivity ~ TeV scale.


SMEFT global fit seems the right way to go, even adding dim-6 
operators.  > 20 dimensional theory space to explore.
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(in TeV-4), from HL/HE-LHC report

+ 2 missing operators 



However, SMEFT is meant to connect EXP data with concrete UV  
models. Therefore it does not make much sense to study the EFT 
space which cannot be UV-completed (if we know in advance).

Particularly relevant at dim-8: positivity bounds tell us which part 
of the parameter space cannot be UV-completed. (e.g. if dim-8 
coefficients have wrong signs).
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Particularly relevant at dim-8: positivity bounds tell us which part 
of the parameter space cannot be UV-completed. (e.g. if dim-8 
coefficients have wrong signs).

Currently affects the aQGC parametrization.

However, in the future, more dim-8  
effects may become accessible.  
 
(e.g. new observable proposed for DY process  
[Alioli, Boughezal, Mereghetti, Petriello, 2003.11615]) 

These bounds need to be studied, to identify the meaningful 
parameter space, to form a consistent interpretation of data within 
the SMEFT framework, and also to help focus the EXP search.
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The E4/Ʌ4 operators (dim-8 SMEFT operators) need to satisfy “positivity 
bounds”, for a UV completion to exist (with causality, locality, Lorentz 
invariance…) Certain linear combinations of dim-8 coefficients must be 
positive, e.g. transversal QGCs:

CT,2 � 0, 4CT,1 + CT,2 � 0,

CT,2 + 8CT,10 � 0, 8CT,0 + 4CT,1 + 3CT,2 � 0,

12CT,0 + 4CT,1 + 5CT,2 + 4CT,10 � 0,

4CT,0 + 4CT,1 + 3CT,2 + 12CT,10 � 0.
<latexit sha1_base64="XHoMaphJ2qxy2mcX0cg7JnkcThE="></latexit>
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addition, general discussion for SMEFT dim-8 operators in [Remmen, Rodd, 
JHEP 12 (2019) 032]. 

Still not complete. Room to improve.

In addition, a new approach has been proposed in [CZ, S.-Y. Zhou, 2005.03047].

We would like to understand the full set of bounds on all QGC operators, 
to provide TH guidance for future VBS and QGC measurements.
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Outline
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Dispersion relation


The traditional approach (elastic positivity)


The new approach


Some preliminary results on transversal QGCs
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… + s<->u crossing+ +=
d2

ds2
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[C. Cheung, G. Remmen, JHEP 16]
[de Rham, Melville, Tolley, Zhou, JHEP 17]
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1  i, j, k, l  n
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ijkl: particle index Forward scattering amp,  
at low energy  
(calculable in EFT)

M2 = m2
i +m2

j

+m2
k +m2

l
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[C. Cheung, G. Remmen, JHEP 16]
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X = BSM states  
summation & PS integration

✏ < 1
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Amplitude 
of SM -> X

s<->u crossing
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L.H.S : calculable in EFT

At tree level, simply linear combination of C(8)


R.H.S : integration of BSM contribution

Might think of this as a matching formula.
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[C. Cheung, G. Remmen, JHEP 16]
[de Rham, Melville, Tolley, Zhou, JHEP 17]
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where  
 
Mijkl calculable in SMEFT, e.g.
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where  
 
Mijkl calculable in SMEFT, e.g.

Model-independent EFT: mXij function on the RHS can take any 
value in

However, Mijkl on LHS cannot take arbitrary values in  
-> bounds on Mijkl, or equivalently, on C(8).

Rn2
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The traditional approach: elastic scattering

 8

M ijkl =
X

X

0
Z 1

(✏⇤)2

dµmX
ijmX

kl

⇡(µ� 1
2M

2)3
+ (j $ l)

<latexit sha1_base64="hGZwMNPnMKTsh+3ceoA/Ss6E5PE="></latexit>

When i=k, j=l, RHS -> complete squares >0  
i.e. a discrete set of inequalities:  

M ijij � 0
<latexit sha1_base64="PUkjDnM7VyLe89lvuK1Jk6yEWR4=">AAAB83icbZBLSwMxFIXv1Fetr6pLN8EiuCozKuiy6MaNUME+oB1LJr3Tps1khiQjlKF/w40LRdz6Z9z5b0wfgloPBA7fuZdcTpAIro3rfjq5peWV1bX8emFjc2t7p7i7V9dxqhjWWCxi1QyoRsEl1gw3ApuJQhoFAhvB8GqSNx5QaR7LOzNK0I9oT/KQM2osat/cZ3zAB+N2D91OseSW3amI920WSAnmqnaKH+1uzNIIpWGCat3y3MT4GVWGM4HjQjvVmFA2pD1sWStphNrPpjePyZElXRLGyj5pyJT+3MhopPUoCuxkRE1f/80m8L+slZrwws+4TFKDks0+ClNBTEwmBZAuV8iMGFlDmeL2VsL6VFFmbE0FW4K3UMKCqZ+UvdOye3tWqlzO68jDARzCMXhwDhW4hirUgEECj/AML07qPDmvzttsNOfMd/bhl5z3L+dvkZY=</latexit>

M (or C8) must 
stay inside



The traditional approach: elastic scattering

 8

M ijkl =
X

X

0
Z 1

(✏⇤)2

dµmX
ijmX

kl

⇡(µ� 1
2M

2)3
+ (j $ l)

<latexit sha1_base64="hGZwMNPnMKTsh+3ceoA/Ss6E5PE="></latexit>

When i=k, j=l, RHS -> complete squares >0  
i.e. a discrete set of inequalities:  

More generally, consider 
RHS ->  
i.e. a continuous set of bounds:

M ijij � 0
<latexit sha1_base64="PUkjDnM7VyLe89lvuK1Jk6yEWR4=">AAAB83icbZBLSwMxFIXv1Fetr6pLN8EiuCozKuiy6MaNUME+oB1LJr3Tps1khiQjlKF/w40LRdz6Z9z5b0wfgloPBA7fuZdcTpAIro3rfjq5peWV1bX8emFjc2t7p7i7V9dxqhjWWCxi1QyoRsEl1gw3ApuJQhoFAhvB8GqSNx5QaR7LOzNK0I9oT/KQM2osat/cZ3zAB+N2D91OseSW3amI920WSAnmqnaKH+1uzNIIpWGCat3y3MT4GVWGM4HjQjvVmFA2pD1sWStphNrPpjePyZElXRLGyj5pyJT+3MhopPUoCuxkRE1f/80m8L+slZrwws+4TFKDks0+ClNBTEwmBZAuV8iMGFlDmeL2VsL6VFFmbE0FW4K3UMKCqZ+UvdOye3tWqlzO68jDARzCMXhwDhW4hirUgEECj/AML07qPDmvzttsNOfMd/bhl5z3L+dvkZY=</latexit>

uivju⇤kv⇤l ·M ijkl, u, v 2 Cn
<latexit sha1_base64="gX6NKrZ8Yo0ylheYL/ZE3SUHpLU="></latexit>

|u ·mX · v|2 + |u ·mX · v⇤|2 � 0
<latexit sha1_base64="0MnPQF2KaT3gntxFy0rP9UqTf0w=">AAACGnicjZDLSgMxGIUz9VbrbdSlm2ARRKHMVEGXRTcuK9gLdKZDJpO2oZlkSDKFMu1zuPFV3LhQxJ248W1MLwuv4IHA4Tv/T5ITJowq7TjvVm5hcWl5Jb9aWFvf2Nyyt3fqSqQSkxoWTMhmiBRhlJOappqRZiIJikNGGmH/cpI3BkQqKviNHibEj1GX0w7FSBsU2O4o9XAkNIyD5swMRu3y8U/aPjLc6xInsItuyZkK/m2KYK5qYL96kcBpTLjGDCnVcp1E+xmSmmJGxgUvVSRBuI+6pGUsRzFRfjb92hgeGBLBjpDmcA2n9PNGhmKlhnFoJmOke+p7NoG/Za1Ud879jPIk1YTj2UWdlEEt4KQnGFFJsGZDYxCW1LwV4h6SCGvTZuF/JdTLJfek5FyfFisX8zryYA/sg0PggjNQAVegCmoAg1twDx7Bk3VnPVjP1stsNGfNd3bBF1lvH2BzoGs=</latexit>

uivju⇤kv⇤lM ijkl � 0
<latexit sha1_base64="YMyrkPqpzRtdEiZoII9LRoKbU3s=">AAACB3icbVDLSsNAFJ3UV62vqEtBBosgLkqigi6LbtwIFewD2qRMptN2mskkzKNQQnZu/BU3LhRx6y+482+cPgS1HpjhcM693HtPkDAqleN8WrmFxaXllfxqYW19Y3PL3t6pyVgLTKo4ZrFoBEgSRjmpKqoYaSSCoChgpB6EV2O/PiRC0pjfqVFCvAj1OO1SjJSR2va+9unQH2g/PQ6zoflZduOndBCyrNUjTtsuOiVnAuh+kzmlCGaotO2PVifGOiJcYYakbLpOorwUCUUxI1mhpSVJEA5RjzQN5Sgi0ksnd2Tw0Cgd2I2FeVzBifqzI0WRlKMoMJURUn351xuL/3lNrboXXkp5ohXheDqoqxlUMRyHAjtUEKzYyBCEBTW7QtxHAmFloiuYENy5EOZI7aTknpac27Ni+XIWRx7sgQNwBFxwDsrgGlRAFWBwDx7BM3ixHqwn69V6m5bmrFnPLvgF6/0LjqiZuw==</latexit>

M (or C8) must 
stay inside



The traditional approach: elastic scattering
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M ijkl =
X

X

0
Z 1

(✏⇤)2

dµmX
ijmX

kl

⇡(µ� 1
2M

2)3
+ (j $ l)

<latexit sha1_base64="hGZwMNPnMKTsh+3ceoA/Ss6E5PE="></latexit>

When i=k, j=l, RHS -> complete squares >0  
i.e. a discrete set of inequalities:  

More generally, consider 
RHS ->  
i.e. a continuous set of bounds:

This is the elastic scattering between two superposed states 
(by the u,v vectors). Vary u,v to get the full set of bounds.

M ijij � 0
<latexit sha1_base64="PUkjDnM7VyLe89lvuK1Jk6yEWR4=">AAAB83icbZBLSwMxFIXv1Fetr6pLN8EiuCozKuiy6MaNUME+oB1LJr3Tps1khiQjlKF/w40LRdz6Z9z5b0wfgloPBA7fuZdcTpAIro3rfjq5peWV1bX8emFjc2t7p7i7V9dxqhjWWCxi1QyoRsEl1gw3ApuJQhoFAhvB8GqSNx5QaR7LOzNK0I9oT/KQM2osat/cZ3zAB+N2D91OseSW3amI920WSAnmqnaKH+1uzNIIpWGCat3y3MT4GVWGM4HjQjvVmFA2pD1sWStphNrPpjePyZElXRLGyj5pyJT+3MhopPUoCuxkRE1f/80m8L+slZrwws+4TFKDks0+ClNBTEwmBZAuV8iMGFlDmeL2VsL6VFFmbE0FW4K3UMKCqZ+UvdOye3tWqlzO68jDARzCMXhwDhW4hirUgEECj/AML07qPDmvzttsNOfMd/bhl5z3L+dvkZY=</latexit>

uivju⇤kv⇤l ·M ijkl, u, v 2 Cn
<latexit sha1_base64="gX6NKrZ8Yo0ylheYL/ZE3SUHpLU="></latexit>

|u ·mX · v|2 + |u ·mX · v⇤|2 � 0
<latexit sha1_base64="0MnPQF2KaT3gntxFy0rP9UqTf0w=">AAACGnicjZDLSgMxGIUz9VbrbdSlm2ARRKHMVEGXRTcuK9gLdKZDJpO2oZlkSDKFMu1zuPFV3LhQxJ248W1MLwuv4IHA4Tv/T5ITJowq7TjvVm5hcWl5Jb9aWFvf2Nyyt3fqSqQSkxoWTMhmiBRhlJOappqRZiIJikNGGmH/cpI3BkQqKviNHibEj1GX0w7FSBsU2O4o9XAkNIyD5swMRu3y8U/aPjLc6xInsItuyZkK/m2KYK5qYL96kcBpTLjGDCnVcp1E+xmSmmJGxgUvVSRBuI+6pGUsRzFRfjb92hgeGBLBjpDmcA2n9PNGhmKlhnFoJmOke+p7NoG/Za1Ud879jPIk1YTj2UWdlEEt4KQnGFFJsGZDYxCW1LwV4h6SCGvTZuF/JdTLJfek5FyfFisX8zryYA/sg0PggjNQAVegCmoAg1twDx7Bk3VnPVjP1stsNGfNd3bBF1lvH2BzoGs=</latexit>

uivju⇤kv⇤lM ijkl � 0
<latexit sha1_base64="YMyrkPqpzRtdEiZoII9LRoKbU3s=">AAACB3icbVDLSsNAFJ3UV62vqEtBBosgLkqigi6LbtwIFewD2qRMptN2mskkzKNQQnZu/BU3LhRx6y+482+cPgS1HpjhcM693HtPkDAqleN8WrmFxaXllfxqYW19Y3PL3t6pyVgLTKo4ZrFoBEgSRjmpKqoYaSSCoChgpB6EV2O/PiRC0pjfqVFCvAj1OO1SjJSR2va+9unQH2g/PQ6zoflZduOndBCyrNUjTtsuOiVnAuh+kzmlCGaotO2PVifGOiJcYYakbLpOorwUCUUxI1mhpSVJEA5RjzQN5Sgi0ksnd2Tw0Cgd2I2FeVzBifqzI0WRlKMoMJURUn351xuL/3lNrboXXkp5ohXheDqoqxlUMRyHAjtUEKzYyBCEBTW7QtxHAmFloiuYENy5EOZI7aTknpac27Ni+XIWRx7sgQNwBFxwDsrgGlRAFWBwDx7BM3ixHqwn69V6m5bmrFnPLvgF6/0LjqiZuw==</latexit>

M (or C8) must 
stay inside
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[Q. Bi, CZ, S.-Y. Zhou, JHEP 19] Mass eigenstates with superposed helicity states:


 
 
 
 

[Remmen, Rodd, JHEP 19] Gauge eigenstates, all superposition of Goldstones:


A lot of room to improve: superposition of gauge components of W/B, 
together with Goldstones, etc.

The traditional approach: elastic scattering



The new approach

 10

[CZ and S.-Y. Zhou 2005.03047]

Two kinds of symmetries: SM gauge, and SO(2) rotation around the 
forwards axis. Both act on the particle indices (i,j,k,l)


Dispersion relation:  

        is the projective operator of an irrep r, obtained by CG coefficients.


The allowed values of M must be all positive linear combinations of  
i.e. cone({        }), a convex cone positively generated by (j,l symmetrized) 
projectors.


In practice, we compute all projectors P1, P2, P3,…,  
which are generators of M, and their convex hull 
determines the cone.


Positivity bounds are “facets” of the cone. Knowing the  
edges, they are obtained by the “vertex enumeration” 
algorithm.

P1 P2

P3

M (or C8) must 
stay inside

P i(j|k|l)
r

<latexit sha1_base64="5/3mL/cp5yGr31FOEH5qToUXRXY=">AAAB+XicjVDLSsNAFL2pr7a+oi7dDBahbkpiBV0W3bisYB/QxjCZTtqxk0mYmRRK2j9x40IRt/6JO//G6WOhouCBC4dz7uUeTpBwprTjfFi5ldW19Y18obi5tb2za+/tN1WcSkIbJOaxbAdYUc4EbWimOW0nkuIo4LQVDK9mfmtEpWKxuNXjhHoR7gsWMoK1kXzbLtR9eZex8v1kOOEn06Jvl9yKMwf6m5Rgibpvv3d7MUkjKjThWKmO6yTay7DUjHA6LXZTRRNMhrhPO4YKHFHlZfPkU3RslB4KY2lGaDRXv15kOFJqHAVmM8J6oH56M/E3r5Pq8MLLmEhSTQVZPApTjnSMZjWgHpOUaD42BBPJTFZEBlhiok1Z/yyheVpxqxXn5qxUu1zWkYdDOIIyuHAONbiGOjSAwAge4Amercx6tF6s18VqzlreHMA3WG+fUkaSzQ==</latexit>

P i(j|k|l)
r

<latexit sha1_base64="5/3mL/cp5yGr31FOEH5qToUXRXY=">AAAB+XicjVDLSsNAFL2pr7a+oi7dDBahbkpiBV0W3bisYB/QxjCZTtqxk0mYmRRK2j9x40IRt/6JO//G6WOhouCBC4dz7uUeTpBwprTjfFi5ldW19Y18obi5tb2za+/tN1WcSkIbJOaxbAdYUc4EbWimOW0nkuIo4LQVDK9mfmtEpWKxuNXjhHoR7gsWMoK1kXzbLtR9eZex8v1kOOEn06Jvl9yKMwf6m5Rgibpvv3d7MUkjKjThWKmO6yTay7DUjHA6LXZTRRNMhrhPO4YKHFHlZfPkU3RslB4KY2lGaDRXv15kOFJqHAVmM8J6oH56M/E3r5Pq8MLLmEhSTQVZPApTjnSMZjWgHpOUaD42BBPJTFZEBlhiok1Z/yyheVpxqxXn5qxUu1zWkYdDOIIyuHAONbiGOjSAwAge4Amercx6tF6s18VqzlreHMA3WG+fUkaSzQ==</latexit>

P ijkl
r

<latexit sha1_base64="uPKa/x0kq89w5r24W6jb8RdDlGY=">AAAB8XicjVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF48RzAOTNcxOepMxs7PLzKwQlv0LLx4U8erfePNvnDwOKgoWNBRV3XR3BYng2rjuh1NYWFxaXimultbWNza3yts7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMLiZ+6x6V5rG8NuME/YgOJA85o8ZKN/Weus343UjkvXLFq7pTkL9JBeao98rv3X7M0gilYYJq3fHcxPgZVYYzgXmpm2pMKBvRAXYslTRC7WfTi3NyYJU+CWNlSxoyVb9OZDTSehwFtjOiZqh/ehPxN6+TmvDMz7hMUoOSzRaFqSAmJpP3SZ8rZEaMLaFMcXsrYUOqKDM2pNL/QmgeVb3jqnt1Uqmdz+Mowh7swyF4cAo1uIQ6NICBhAd4gmdHO4/Oi/M6ay0485ld+Abn7RPVxpEE</latexit>

Dynamics

Symmetry
M ijkl =

X

X2r

0
Z 1

(✏⇤)2
dµ

| < X|M |r > |2

⇡
�
µ� 1

2M
2
�3 P i(j|k|l)

r

<latexit sha1_base64="nf2O9NemfkZLxyfouRsNjbS/TWY="></latexit>



The new approach

 10

[CZ and S.-Y. Zhou 2005.03047]

Two kinds of symmetries: SM gauge, and SO(2) rotation around the 
forwards axis. Both act on the particle indices (i,j,k,l)


Dispersion relation:  

        is the projective operator of an irrep r, obtained by CG coefficients.


The allowed values of M must be all positive linear combinations of  
i.e. cone({        }), a convex cone positively generated by (j,l symmetrized) 
projectors.


In practice, we compute all projectors P1, P2, P3,…,  
which are generators of M, and their convex hull 
determines the cone.


Positivity bounds are “facets” of the cone. Knowing the  
edges, they are obtained by the “vertex enumeration” 
algorithm.

Positive

P1 P2

P3

M (or C8) must 
stay inside

P i(j|k|l)
r

<latexit sha1_base64="5/3mL/cp5yGr31FOEH5qToUXRXY=">AAAB+XicjVDLSsNAFL2pr7a+oi7dDBahbkpiBV0W3bisYB/QxjCZTtqxk0mYmRRK2j9x40IRt/6JO//G6WOhouCBC4dz7uUeTpBwprTjfFi5ldW19Y18obi5tb2za+/tN1WcSkIbJOaxbAdYUc4EbWimOW0nkuIo4LQVDK9mfmtEpWKxuNXjhHoR7gsWMoK1kXzbLtR9eZex8v1kOOEn06Jvl9yKMwf6m5Rgibpvv3d7MUkjKjThWKmO6yTay7DUjHA6LXZTRRNMhrhPO4YKHFHlZfPkU3RslB4KY2lGaDRXv15kOFJqHAVmM8J6oH56M/E3r5Pq8MLLmEhSTQVZPApTjnSMZjWgHpOUaD42BBPJTFZEBlhiok1Z/yyheVpxqxXn5qxUu1zWkYdDOIIyuHAONbiGOjSAwAge4Amercx6tF6s18VqzlreHMA3WG+fUkaSzQ==</latexit>

P i(j|k|l)
r

<latexit sha1_base64="5/3mL/cp5yGr31FOEH5qToUXRXY=">AAAB+XicjVDLSsNAFL2pr7a+oi7dDBahbkpiBV0W3bisYB/QxjCZTtqxk0mYmRRK2j9x40IRt/6JO//G6WOhouCBC4dz7uUeTpBwprTjfFi5ldW19Y18obi5tb2za+/tN1WcSkIbJOaxbAdYUc4EbWimOW0nkuIo4LQVDK9mfmtEpWKxuNXjhHoR7gsWMoK1kXzbLtR9eZex8v1kOOEn06Jvl9yKMwf6m5Rgibpvv3d7MUkjKjThWKmO6yTay7DUjHA6LXZTRRNMhrhPO4YKHFHlZfPkU3RslB4KY2lGaDRXv15kOFJqHAVmM8J6oH56M/E3r5Pq8MLLmEhSTQVZPApTjnSMZjWgHpOUaD42BBPJTFZEBlhiok1Z/yyheVpxqxXn5qxUu1zWkYdDOIIyuHAONbiGOjSAwAge4Amercx6tF6s18VqzlreHMA3WG+fUkaSzQ==</latexit>

P ijkl
r

<latexit sha1_base64="uPKa/x0kq89w5r24W6jb8RdDlGY=">AAAB8XicjVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF48RzAOTNcxOepMxs7PLzKwQlv0LLx4U8erfePNvnDwOKgoWNBRV3XR3BYng2rjuh1NYWFxaXimultbWNza3yts7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMLiZ+6x6V5rG8NuME/YgOJA85o8ZKN/Weus343UjkvXLFq7pTkL9JBeao98rv3X7M0gilYYJq3fHcxPgZVYYzgXmpm2pMKBvRAXYslTRC7WfTi3NyYJU+CWNlSxoyVb9OZDTSehwFtjOiZqh/ehPxN6+TmvDMz7hMUoOSzRaFqSAmJpP3SZ8rZEaMLaFMcXsrYUOqKDM2pNL/QmgeVb3jqnt1Uqmdz+Mowh7swyF4cAo1uIQ6NICBhAd4gmdHO4/Oi/M6ay0485ld+Abn7RPVxpEE</latexit>

M ijkl =
X

X2r

0
Z 1

(✏⇤)2
dµ

| < X|M |r > |2

⇡
�
µ� 1

2M
2
�3 P i(j|k|l)

r

<latexit sha1_base64="nf2O9NemfkZLxyfouRsNjbS/TWY="></latexit>



For example, consider transversal WW -> WW. Traditional approach 
(elastic scattering) gives: 


 

While the new approach gives better bounds

bounds channel (|1 > +|2 >! |1 > +|2 >)

F
T,2 � 0, 1 : W 1

x

, 2 : W 2
y

4F
T,1 + F

T,2 � 0, 1 : W 1
x

, 2 : W 2
x

F
T,2 + 8F

T,10 � 0, 1 : W 1
x

+W 2
y

, 2 : W 1
y

�W 2
x

8F
T,0 + 4F

T,1 + 3F
T,2 � 0, 1 : W 1

x

+W 2
y

, 2 : W 1
x

+W 2
y

<latexit sha1_base64="YpOfJxmjppHEcTVoZLQuIvPJkVI="></latexit>

FT,2 � 0,

4FT,1 + FT,2 � 0,

FT,2 + 8FT,10 � 0,

8FT,0 + 4FT,1 + 3FT,2 � 0,

12FT,0 + 4FT,1 + 5FT,2 + 4FT,10 � 0,

4FT,0 + 4FT,1 + 3FT,2 + 12FT,10 � 0.
<latexit sha1_base64="WO7jEeyyWw+RxJ9N2wlt3c0NjEM="></latexit>
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Cannot be obtained 
from any elastic channel

[CZ and S.-Y. Zhou 2005.03047]



For QGCs, we are interested in:


Bounds: what are the best set of bounds on all QGC, available from 
the dispersion relation?


General approaches: establish more concrete and systematic 
algorithms? which may apply to other operators/channels…


Elastic approach: how to determine 
w.r.t. all u,v vectors? The determination of a degree-4 polynomial 
>0 is NP hard. Maybe symmetries could help here.


New approach: in case continuous generators show up (like 
circular cones), how to get bounds (i.e. “vertex enumeration” for 
cones with curved boundary)?


Numerical alternatives?

 12

uivju⇤kv⇤lM ijkl � 0
<latexit sha1_base64="YMyrkPqpzRtdEiZoII9LRoKbU3s=">AAACB3icbVDLSsNAFJ3UV62vqEtBBosgLkqigi6LbtwIFewD2qRMptN2mskkzKNQQnZu/BU3LhRx6y+482+cPgS1HpjhcM693HtPkDAqleN8WrmFxaXllfxqYW19Y3PL3t6pyVgLTKo4ZrFoBEgSRjmpKqoYaSSCoChgpB6EV2O/PiRC0pjfqVFCvAj1OO1SjJSR2va+9unQH2g/PQ6zoflZduOndBCyrNUjTtsuOiVnAuh+kzmlCGaotO2PVifGOiJcYYakbLpOorwUCUUxI1mhpSVJEA5RjzQN5Sgi0ksnd2Tw0Cgd2I2FeVzBifqzI0WRlKMoMJURUn351xuL/3lNrboXXkp5ohXheDqoqxlUMRyHAjtUEKzYyBCEBTW7QtxHAmFloiuYENy5EOZI7aTknpac27Ni+XIWRx7sgQNwBFxwDsrgGlRAFWBwDx7BM3ixHqwn69V6m5bmrFnPLvgF6/0LjqiZuw==</latexit>



First step: bounds on transversal QGCs
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Note OT,10 and OT,11 have been missed in standard QGC parameterization.

OT,0 = Tr[Ŵµ⌫Ŵ
µ⌫ ]Tr[Ŵ↵�Ŵ

↵� ] OT,1 = Tr[Ŵ↵⌫Ŵ
µ� ]Tr[Ŵµ�Ŵ

↵⌫ ]
OT,2 = Tr[Ŵ↵µŴ

µ� ]Tr[Ŵ�⌫Ŵ
⌫↵] OT,10 = Tr[Ŵµ⌫W̃

µ⌫ ]Tr[Ŵ↵�W̃
↵� ]

OT,5 = Tr[Ŵµ⌫Ŵ
µ⌫ ]B̂↵�B̂

↵� OT,6 = Tr[Ŵ↵⌫Ŵ
µ� ]B̂µ�B̂

↵⌫

OT,7 = Tr[Ŵ↵µŴ
µ� ]B̂�⌫B̂

⌫↵ OT,11 = Tr[Ŵµ⌫W̃
µ⌫ ]B̂↵�B̃

↵�

OT,8 = B̂µ⌫B̂
µ⌫B̂↵�B̂

↵� OT,9 = B̂↵µB̂
µ�B̂�⌫B̂

⌫↵
<latexit sha1_base64="wJD8wLbgTd1hACqjMtO9jLbO4u8="></latexit>

Transversal operators:

[Remmen, Rodd, JHEP 12 (2019) 032]Pointed out by
See also dim-8 basis: [C. Murphy 2005.00059], [H.-L. Li 2005.00008]



Preliminary results: the traditional (elastic approach)
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The traditional (elastic) approach: consider the scattering of two superposition of 8 

SM modes:


This is the determination of the positive-definiteness of a 4th-order polynomial 
with 32 variables. Too hard…


One solution: assuming the superposition can be factorized in gauge/helicity space,  
 
with polarization index a and gauge index b.


The result is conservative, but it converts the problem into “quadratically 
constrained quadratic programming” problems, can be solved analytically. 
E.g.

W 1
x

,W 1
y

,W 2
x

,W 2
y

,W 3
x

,W 3
y

, B
x

, B
y

<latexit sha1_base64="pjBNi9fKCyvLlLe5FZfDEHiQ0yk=">AAACFXicjVC7SgNBFL0bXzG+Vi1tBoNgEcJuImgZYmMZwTwgj2V2MpsMmX0wMytZlvyEjb9iY6GIrWDn3zjZpFBR8MC9HM65lztz3IgzqSzrw8itrK6tb+Q3C1vbO7t75v5BS4axILRJQh6Kjosl5SygTcUUp51IUOy7nLbdyeXcb99SIVkY3Kgkon0fjwLmMYKVlhyz1HamA1v3JOvTQSXjlYxXM14t1Z2prqTgmEW7bGVAf5MiLNFwzPfeMCSxTwNFOJaya1uR6qdYKEY4nRV6saQRJhM8ol1NA+xT2U+zX83QiVaGyAuFrkChTP26kWJfysR39aSP1Vj+9Obib143Vt5FP2VBFCsakMUhL+ZIhWgeERoyQYniiSaYCKbfisgYC0yUDvKfIbQqZbtatq7PirX6Mo48HMExnIIN51CDK2hAEwjcwQM8wbNxbzwaL8brYjRnLHcO4RuMt08xsZxQ</latexit>

u

i = x

a
↵

b
, v

i = y

a
�

b
, i = (a, b)

<latexit sha1_base64="Q/eXCJ3gE0pWTX2vUratg6GRFfg=">AAACE3icjZBLSwMxFIUz9VXra9Slm2ARqpQyo4JuCkU3LivYB3Sm5U6aaUMzD5JMcSj9D278K25cKOLWjTv/jeljoaLggcDhO/eS5HgxZ1JZ1oeRWVhcWl7JrubW1jc2t8ztnbqMEkFojUQ8Ek0PJOUspDXFFKfNWFAIPE4b3uBykjeGVEgWhTcqjakbQC9kPiOgNOqYR0mblW/b4ACP+9D2ig4eapJq4lE1A6xcgKJ32DHzdsmaCv9t8miuasd8d7oRSQIaKsJBypZtxcodgVCMcDrOOYmkMZAB9GhL2xACKt3R9E9jfKBJF/uR0CdUeEq/bowgkDINPD0ZgOrLn9kE/pa1EuWfuyMWxomiIZld5CccqwhPCsJdJihRPNUGiGD6rZj0QQBRusbc/0qoH5fsk5J1fZqvXMzryKI9tI8KyEZnqIKuUBXVEEF36AE9oWfj3ng0XozX2WjGmO/som8y3j4BwPecxg==</latexit>
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Linear bounds:

2FT,0 + 2FT,1 + FT,2 � 0

FT,2 + 4FT,10 � 0

4FT,1 + FT,2 � 0

FT,2 � 0

2FT,0 + FT,1 + FT,2 + 2FT,10 � 0

2FT,8 + FT,9 � 0

FT,9 � 0

4FT,6 + FT,7 � 0

FT,7 � 0
<latexit sha1_base64="NzD1qQkf+DIudVgHtmx5nYfjviU="></latexit>

4

q
[2(FT,0 + FT,1) + FT,2](2FT,8 + FT,9) � max(0,�2(2FT,5 + 2FT,6 + FT,7), 4FT,5 + FT,7)

2

q
FT,9(FT,2 + 4FT,10) � max(0,�(2FT,11 + FT,7), 2FT,11)

2

q
[4FT,10 + 4(FT,0 + FT,1) + 3FT,2](4FT,8 + 3FT,9) � |2FT,11 + 4FT.5 + FT,7|

<latexit sha1_base64="rmoK6fU2pNNrFUrWKPR9H/VLS4I="></latexit>

Quadratic bounds:

+ some cubic bounds…

The parameter space is constrained to  
0.8% of the total (in terms of solid angle)


Compared with previous result, 2.1%  
for S+M+T operators…

0.8%



Preliminary results: the new (extremal) approach 
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The new approach: need to consider an infinite set of projectors (which are 

potentially generators), continuously parametrized by r:

~E1 = (1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0)

~E2 = (0, 1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0)

~E3 = (0, 0, 1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0)

~E4 = (0, 0, 0, 1, 0, 0, 0, 0, 0, 0, 0, 0, 0)

~E5 =

✓
�1

6
,
1

6
, 0, 0,�5

3
, 0, 0,

5

3
, 0, 0,

5

6
, 0, 0

◆

~E6 =

✓
0, 0,�1, 1, 0,�3

4
, 0, 0,

3

4
, 0, 0, 0, 1

◆

~E7(r) =
�
0, 0, 0, 0, 1, r, r2, 0, 0, 0, 0, 0, 0

�

~E8(r) =
�
0, 0, 0, 0, 0, 0, 0, 1, r, r2, 0, 0, 0

�

~E9(r) =
�
0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 1, r, r2

�

~E10(r) =

✓
�1

3
,
1

3
,�4r

3
,
4r

3
,�1

3
, 0,�r2,

1

3
, 0, r2,�1

3
, 0,�4r

3

◆

~E11(r) =

✓
1

2
,
1

2
,
r2

2
,
r2

2
,�1,�3r2

8
, 0,�1,�3r2

8
, 0,�1

2
, r,�r2

2

◆

~E12(r) =

✓
1, 0, r2, 0,�2,�3r2

4
, 0, 0, 0, 0, 1,�2r, r2

◆

<latexit sha1_base64="/3IxxpzjFDCAv2Q18jWKC5sH3ps="></latexit>

Question: what is the cone 

spanned by all these vectors? 

How to identify its boundary?



 17

Analytically: a tower of linear, quadratic, cubic, … inequalities.


So far only able to obtain the first two levels

FT,2 � 0

4FT,1 + FT,2 � 0

FT,2 + 8FT,10 � 0

8FT,0 + 4FT,1 + 3FT,2 � 0

12FT,0 + 4FT,1 + 5FT,2 + 4FT,10 � 0

4FT,0 + 4FT,1 + 3FT,2 + 12FT,10 � 0

4FT,6 + FT,7 � 0

FT,7 � 0

2FT,8 + FT,9 � 0

FT,9 � 0
<latexit sha1_base64="duSwqYLlFxq+0ahqA07QI3KU7jU="></latexit>

FT,9 (FT,2 + 4FT,10) � F 2
T,11

16 (2 (FT,0 + FT,1) + FT,2) (2FT,8 + FT,9) � (4FT,5 + FT,7)
2

32 (2FT,8 + FT,9) (3FT,0 + FT,1 + 2FT,2 + 4FT,10) � 3 (4FT,5 + FT,7)
2

2

p
2

q
FT,9 (FT,2 + 8FT,10) � max (4FT,6 + FT,7 � 4FT,11, FT,7 + 4FT,11)

4

q
(8FT,0 + 4FT,1 + 3FT,2) (2FT,8 + FT,9)

� max (�8FT,5 � FT,7, 8FT,5 + 4FT,6 + 3FT,7)

4

q
FT,9 (12FT,0 + 4FT,1 + 5FT,2 + 4FT,10)

� max (4FT,6 + FT,7 � 4FT,11, FT,7 + 4FT,11)

4

p
6

q
(2FT,8 + FT,9) (12FT,0 + 4FT,1 + 5FT,2 + 4FT,10)

� max [�3 (8FT,5 + FT,7) , 3 (8FT,5 + 4FT,6 + 3FT,7)]

p
6

q
(4FT,8 + 3FT,9) (6FT,0 + 2FT,1 + 3FT,2 + 6FT,10)

� max [�3 (2FT,5 + FT,11) , 3 (2FT,5 + FT,7 + FT,11)]

2

q
(12FT,8 + 7FT,9) (12FT,0 + 4FT,1 + 5FT,2 + 4FT,10)

� max (�12FT,5 � FT,7 � 2FT,11,�12FT,5 + 4FT,6 � FT,7 � 2FT,11,

�12FT,5 � FT,7 + 2FT,11, 12FT,5 + 4FT,6 + 5FT,7 + 2FT,11)
<latexit sha1_base64="diRjceie/F7ffHV3vhsWpHfqqgw="></latexit>

Linear: Quadratic:

The parameter space is constrained 
to 0.687% of the total. 
(Conservative)
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Numerically: might as well directly determine if a given point is included in the 

convex hull of all projectors (convex inclusion)


Infinite number of (potential) generators, but  
numerically, we sample them with a large number 
(N of order 100~1000) of discrete ones,  
i.e. polyhedral cone inscribed to a “circular” cone  =>


Determination of inclusion can be turned in to a linear programming problem.

Volume: ~0.681% ( 1 - 79.3/N2 )


The true volume seems to be 0.681%.


Analytical bounds of the first two orders  
are sufficient.
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Summary and to-do list:


99.32% of transversal QGC parameter space is redundant (not UV-
completable)


New approach to derive analytical bounds on coefficients. Numerical 
determination also possible. Will apply to the full set of QGCs.


Further investigation of analytical approach is needed.


Impacts of double insertion of dim-6, SM loops, etc.


Other interesting questions: 


Implication on EXP analysis? And global fits? Must be some if 
>99% parameter space is ruled out.


Apart from VBS, other opportunities to directly test positivity 
nature on dim-8 operators (e.g. at a future ee collider)?



Thank you



Backups



Derived from: analyticity (from causality),  
Froissart bound (from locality), optical 
theorem (unitarity), and Lorentz Invariance.

… + s<->u crossing+ +=
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[C. Cheung, G. Remmen, JHEP 16] [Bi, CZ, Zhou, JHEP 19]
[G. Remmen, N. Rodd, JHEP 19]

[Adams, Arkani-Hamed, Dubovsky, Nicolis, Rattazzi, JHEP 06]

and more

[de Rham, Melville, Tolley, Zhou, JHEP 17]

d2

ds2
<latexit sha1_base64="XyXzLCM+F0mXR8FmAE8ES2lu0wk=">AAAB+XicjVDLSgNBEOyNrxhfqx69DAbBU9hEQY9BLx4jmAcka5idnU2GzM4uM72BsORPvHhQxKt/4s2/cfI4qChY0E1R1U03FaRSGPS8D6ewsrq2vlHcLG1t7+zuufsHLZNkmvEmS2SiOwE1XArFmyhQ8k6qOY0DydvB6Hrmt8dcG5GoO5yk3I/pQIlIMIpW6rtuL9KU5eF9bZqHxva+W65WvDnI36QMSzT67nsvTFgWc4VMUmO6VS9FP6caBZN8WuplhqeUjeiAdy1VNObGz+efT8mJVUISJdqWQjJXv27kNDZmEgd2MqY4ND+9mfib180wuvRzodIMuWKLQ1EmCSZkFgMJheYM5cQSyrSwvxI2pDYKtGGV/hdCq1apnlW82/Ny/WoZRxGO4BhOoQoXUIcbaEATGIzhAZ7g2cmdR+fFeV2MFpzlziF8g/P2CYUFk5M=</latexit>



M ijkl =
X

X

0
Z 1

(✏⇤)2

dµmX
ijmX

kl

⇡(µ� 1
2M

2)3
+ (j $ l)

<latexit sha1_base64="hGZwMNPnMKTsh+3ceoA/Ss6E5PE="></latexit>

Positivity bound is one way to learn something (not all):


When i=k, j=l, RHS ->  
i.e.   

More generally, consider 
RHS ->  
i.e. 

Tr
�
mmT

�
� 0

<latexit sha1_base64="DSFwGCQJnEr3fwiaGxOAOTaQVZg=">AAACCXicjVBNS8NAEN34WetX1KOXxSLUS0lV0GPRi8cK/YImls12ki7dTcLuRCihVy/+FS8eFPHqP/DmvzH9OKgo+GDg8d4MM/P8RAqDjvNhLSwuLa+sFtaK6xubW9v2zm7LxKnm0OSxjHXHZwakiKCJAiV0Eg1M+RLa/vBy4rdvQRsRRw0cJeApFkYiEJxhLvVs6iqGA62yhh67EgIsK3XTcLUIB3jkhuD07FK14kxB/yYlMke9Z7+7/ZinCiLkkhnTrToJehnTKLiEcdFNDSSMD1kI3ZxGTIHxsuknY3qYK30axDqvCOlU/TqRMWXMSPl55+Ru89ObiL953RSDcy8TUZIiRHy2KEglxZhOYqF9oYGjHOWEcS3yWykfMM045uEV/xdC67hSPak416el2sU8jgLZJwekTKrkjNTIFamTJuHkjjyQJ/Js3VuP1ov1OmtdsOYze+QbrLdPqiCaSQ==</latexit>

M ijij � 0
<latexit sha1_base64="PUkjDnM7VyLe89lvuK1Jk6yEWR4=">AAAB83icbZBLSwMxFIXv1Fetr6pLN8EiuCozKuiy6MaNUME+oB1LJr3Tps1khiQjlKF/w40LRdz6Z9z5b0wfgloPBA7fuZdcTpAIro3rfjq5peWV1bX8emFjc2t7p7i7V9dxqhjWWCxi1QyoRsEl1gw3ApuJQhoFAhvB8GqSNx5QaR7LOzNK0I9oT/KQM2osat/cZ3zAB+N2D91OseSW3amI920WSAnmqnaKH+1uzNIIpWGCat3y3MT4GVWGM4HjQjvVmFA2pD1sWStphNrPpjePyZElXRLGyj5pyJT+3MhopPUoCuxkRE1f/80m8L+slZrwws+4TFKDks0+ClNBTEwmBZAuV8iMGFlDmeL2VsL6VFFmbE0FW4K3UMKCqZ+UvdOye3tWqlzO68jDARzCMXhwDhW4hirUgEECj/AML07qPDmvzttsNOfMd/bhl5z3L+dvkZY=</latexit>

uivju⇤kv⇤l ·M ijkl, u, v 2 Cn
<latexit sha1_base64="gX6NKrZ8Yo0ylheYL/ZE3SUHpLU="></latexit>

|u ·mX · v|2 + |u ·mX · v⇤|2 � 0
<latexit sha1_base64="0MnPQF2KaT3gntxFy0rP9UqTf0w=">AAACGnicjZDLSgMxGIUz9VbrbdSlm2ARRKHMVEGXRTcuK9gLdKZDJpO2oZlkSDKFMu1zuPFV3LhQxJ248W1MLwuv4IHA4Tv/T5ITJowq7TjvVm5hcWl5Jb9aWFvf2Nyyt3fqSqQSkxoWTMhmiBRhlJOappqRZiIJikNGGmH/cpI3BkQqKviNHibEj1GX0w7FSBsU2O4o9XAkNIyD5swMRu3y8U/aPjLc6xInsItuyZkK/m2KYK5qYL96kcBpTLjGDCnVcp1E+xmSmmJGxgUvVSRBuI+6pGUsRzFRfjb92hgeGBLBjpDmcA2n9PNGhmKlhnFoJmOke+p7NoG/Za1Ud879jPIk1YTj2UWdlEEt4KQnGFFJsGZDYxCW1LwV4h6SCGvTZuF/JdTLJfek5FyfFisX8zryYA/sg0PggjNQAVegCmoAg1twDx7Bk3VnPVjP1stsNGfNd3bBF1lvH2BzoGs=</latexit>

uivju⇤kv⇤lM ijkl � 0
<latexit sha1_base64="YMyrkPqpzRtdEiZoII9LRoKbU3s=">AAACB3icbVDLSsNAFJ3UV62vqEtBBosgLkqigi6LbtwIFewD2qRMptN2mskkzKNQQnZu/BU3LhRx6y+482+cPgS1HpjhcM693HtPkDAqleN8WrmFxaXllfxqYW19Y3PL3t6pyVgLTKo4ZrFoBEgSRjmpKqoYaSSCoChgpB6EV2O/PiRC0pjfqVFCvAj1OO1SjJSR2va+9unQH2g/PQ6zoflZduOndBCyrNUjTtsuOiVnAuh+kzmlCGaotO2PVifGOiJcYYakbLpOorwUCUUxI1mhpSVJEA5RjzQN5Sgi0ksnd2Tw0Cgd2I2FeVzBifqzI0WRlKMoMJURUn351xuL/3lNrboXXkp5ohXheDqoqxlUMRyHAjtUEKzYyBCEBTW7QtxHAmFloiuYENy5EOZI7aTknpac27Ni+XIWRx7sgQNwBFxwDsrgGlRAFWBwDx7BM3ixHqwn69V6m5bmrFnPLvgF6/0LjqiZuw==</latexit>

EFT has UV completion  ->  above degree-4 
polynomial of (u,v) is positive semi-definite (PSD)

 23



M ijkl =
X

X

0
Z 1

(✏⇤)2

dµmX
ijmX

kl

⇡(µ� 1
2M

2)3
+ (j $ l)

<latexit sha1_base64="hGZwMNPnMKTsh+3ceoA/Ss6E5PE="></latexit>

Still, open questions:


In practice, e.g. in SMEFT how can one determine the 
PSDness of                        , with 100+ variables.


A quartic PSD polynomial may NOT be sum of squares. 
In general an NP-hard problem. Difficult with large n.


Are there more bounds that can be derived, than using 
(u,v)?


YES.  Will show an example…


Physics interpretation of the bounded EFT space?

uivju⇤kv⇤lM ijkl � 0
<latexit sha1_base64="YMyrkPqpzRtdEiZoII9LRoKbU3s=">AAACB3icbVDLSsNAFJ3UV62vqEtBBosgLkqigi6LbtwIFewD2qRMptN2mskkzKNQQnZu/BU3LhRx6y+482+cPgS1HpjhcM693HtPkDAqleN8WrmFxaXllfxqYW19Y3PL3t6pyVgLTKo4ZrFoBEgSRjmpKqoYaSSCoChgpB6EV2O/PiRC0pjfqVFCvAj1OO1SjJSR2va+9unQH2g/PQ6zoflZduOndBCyrNUjTtsuOiVnAuh+kzmlCGaotO2PVifGOiJcYYakbLpOorwUCUUxI1mhpSVJEA5RjzQN5Sgi0ksnd2Tw0Cgd2I2FeVzBifqzI0WRlKMoMJURUn351xuL/3lNrboXXkp5ohXheDqoqxlUMRyHAjtUEKzYyBCEBTW7QtxHAmFloiuYENy5EOZI7aTknpac27Ni+XIWRx7sgQNwBFxwDsrgGlRAFWBwDx7BM3ixHqwn69V6m5bmrFnPLvgF6/0LjqiZuw==</latexit>
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Positivity has the form:


A set of linear inequality => Convex Cone


Convex Cone has 2 representation:


As bounded by faces, and


As convex hull of extremal 
rays (ERs)


ERs are the rays that cannot 
be split into two rays in the 
same cone.


Convex hull of {X} is positively  
generated by elements of {X}.


Translate to physics:  
ERs are the generators 
of all UV-completable EFTs!

uivjuivjM ijkl � 0 )
X

↵

C(8)
↵ p↵(u, v) � 0

<latexit sha1_base64="OBBqZljoUBu8VUzTkf6u4hKmivg="></latexit>

O
Polyhedral cone Circular cone

O

x1
<latexit sha1_base64="1Sna/KNkhXU2WjbIvBpBwzIsmhA=">AAAB6nicjVDLSgNBEOz1GeMr6tHLYBA8hV0V9Bj04jGieUCyhNnJbDJkZnaZ6RXDkk/w4kERr36RN//GyeOgomBBQ1HVTXdXlEph0fc/vIXFpeWV1cJacX1jc2u7tLPbsElmGK+zRCamFVHLpdC8jgIlb6WGUxVJ3oyGlxO/eceNFYm+xVHKQ0X7WsSCUXTSzX036JbKQcWfgvxNyjBHrVt67/QSlimukUlqbTvwUwxzalAwycfFTmZ5StmQ9nnbUU0Vt2E+PXVMDp3SI3FiXGkkU/XrRE6VtSMVuU5FcWB/ehPxN6+dYXwe5kKnGXLNZoviTBJMyORv0hOGM5QjRygzwt1K2IAaytClU/xfCI3jSnBS8a9Py9WLeRwF2IcDOIIAzqAKV1CDOjDowwM8wbMnvUfvxXudtS5485k9+Abv7RMQv42l</latexit>

x2
<latexit sha1_base64="LeRr1r+dVDG+bvzHLUHzRLZVfb0=">AAAB6nicjVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BRcEHA4/3ZpiZFySCa+O6H05haXllda24XtrY3NreKe/utXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpz57TtUmsfy1kwS9CM6lDzkjBor3dz3a/1yxau6c5C/SQVyNPrl994gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n81On5MgqAxLGypY0ZK5+nchopPUkCmxnRM1I//Rm4m9eNzXhuZ9xmaQGJVssClNBTExmf5MBV8iMmFhCmeL2VsJGVFFmbDql/4XQqlW9k6p7fVqpX+RxFOEADuEYPDiDOlxBA5rAYAgP8ATPjnAenRfnddFacPKZffgG5+0TEkONpg==</latexit>

x3
<latexit sha1_base64="HVMvxqkRV8mmXyN/JizIA3bO8j4=">AAAB6nicjVBNS8NAEJ3Ur1q/qh69LBbBU0msoMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BRcEHA4/3ZpiZFySCa+O6H05haXllda24XtrY3NreKe/utXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpz57TtUmsfy1kwS9CM6lDzkjBor3dz3a/1yxau6c5C/SQVyNPrl994gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n81On5MgqAxLGypY0ZK5+nchopPUkCmxnRM1I//Rm4m9eNzXhuZ9xmaQGJVssClNBTExmf5MBV8iMmFhCmeL2VsJGVFFmbDql/4XQOql6tap7fVqpX+RxFOEADuEYPDiDOlxBA5rAYAgP8ATPjnAenRfnddFacPKZffgG5+0TE8eNpw==</latexit>

x4
<latexit sha1_base64="wErwKUOesah0HOL/EB2WCgT7Znw=">AAAB6nicjVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jNu1BRcEHA4/3ZpiZFySCa+O6H05haXllda24XtrY3NreKe/utXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpz57TtUmsfy1kwS9CM6lDzkjBor3dz3a/1yxau6OcjfpAILNPrl994gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n+alTcmSVAQljZUsakqtfJzIaaT2JAtsZUTPSP72Z+JvXTU147mdcJqlByeaLwlQQE5PZ32TAFTIjJpZQpri9lbARVZQZm07pfyG0TqreadW9rlXqF4s4inAAh3AMHpxBHa6gAU1gMIQHeIJnRziPzovzOm8tOIuZffgG5+0TFUuNqA==</latexit>

x5
<latexit sha1_base64="/vee2uMAIlpJ2d8YlDU7lHaOIKg=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmgckS5id9CZDZmeXmVkxLPkELx4U8eoXefNvnE1yUFGwoKGo6qa7K0gE18Z1P5zCwuLS8kpxtbS2vrG5Vd7eaeo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdJn7rTtUmsfy1owT9CM6kDzkjBor3dz3Tnvlild1pyB/kwrMUe+V37v9mKURSsME1brjuYnxM6oMZwInpW6qMaFsRAfYsVTSCLWfTU+dkAOr9EkYK1vSkKn6dSKjkdbjKLCdETVD/dPLxd+8TmrCcz/jMkkNSjZbFKaCmJjkf5M+V8iMGFtCmeL2VsKGVFFmbDql/4XQPKp6x1X3+qRSu5jHUYQ92IdD8OAManAFdWgAgwE8wBM8O8J5dF6c11lrwZnP7MI3OG+fFs+NqQ==</latexit>

x6
<latexit sha1_base64="dMNAi2sRtuzQb/58bXKLiD/OohQ=">AAAB6nicjVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8eK9gPaUDbbSbt0swm7G7GE/gQvHhTx6i/y5r9x0/agouCDgcd7M8zMCxLBtXHdD6ewsLi0vFJcLa2tb2xulbd3mjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXeZ+6w6V5rG8NeME/YgOJA85o8ZKN/e901654lXdKcjfpAJz1Hvl924/ZmmE0jBBte54bmL8jCrDmcBJqZtqTCgb0QF2LJU0Qu1n01Mn5MAqfRLGypY0ZKp+nchopPU4CmxnRM1Q//Ry8Tevk5rw3M+4TFKDks0WhakgJib536TPFTIjxpZQpri9lbAhVZQZm07pfyE0j6recdW9PqnULuZxFGEP9uEQPDiDGlxBHRrAYAAP8ATPjnAenRfnddZacOYzu/ANztsnGFONqg==</latexit>

x7
<latexit sha1_base64="MHIY6T3LeuEX3RLMn+H3vLZbNjo=">AAAB6nicjVBNS8NAEJ3Ur1q/qh69LBbBU0lUqMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jNu1BRcEHA4/3ZpiZFySCa+O6H05haXllda24XtrY3NreKe/utXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpz57TtUmsfy1kwS9CM6lDzkjBor3dz3a/1yxau6OcjfpAILNPrl994gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n+alTcmSVAQljZUsakqtfJzIaaT2JAtsZUTPSP72Z+JvXTU147mdcJqlByeaLwlQQE5PZ32TAFTIjJpZQpri9lbARVZQZm07pfyG0TqreadW9PqvULxZxFOEADuEYPKhBHa6gAU1gMIQHeIJnRziPzovzOm8tOIuZffgG5+0TGdeNqw==</latexit>

e.g. convex hull of xi:

x =
X

i

xiwi,

wi � 0,
X

i

wi = 1
<latexit sha1_base64="gm7VYCgSAyk0eVp+d+rsUOle1m4=">AAACE3icjVDLSgMxFM34rONr1KWbYLGIlDKjgm4KRTcuK9gHdIYhk2ba0CQzJBltKf0HN/6KGxeKuHXjzr8xfSxUFDwQ7sk595LcE6WMKu26H9bc/MLi0nJuxV5dW9/YdLa26yrJJCY1nLBENiOkCKOC1DTVjDRTSRCPGGlEvYux37ghUtFEXOtBSgKOOoLGFCNtpNA5LPTLvsp4SGE/pLchLfq+XTDV7xC36MOpZ+5lL3TyXsmdAP5N8mCGaui8++0EZ5wIjRlSquW5qQ6GSGqKGRnZfqZIinAPdUjLUIE4UcFwstMI7hulDeNEmiM0nKhfJ4aIKzXgkenkSHfVT28s/ua1Mh2fBUMq0kwTgacPxRmDOoHjgGCbSoI1GxiCsKTmrxB3kURYmxjt/4VQPyp5xyX36iRfOZ/FkQO7YA8cAA+cggq4BFVQAxjcgQfwBJ6te+vRerFep61z1mxmB3yD9fYJplqcwA==</latexit>

 25



Consider tree-level UV completion,  
SM + n particles.


Integrating out each particle gives a ray 
within the cone


If n>1, the total cannot be an ER.  
(ER cannot be split)


ER corresponds to one-particle SM 
extension!


From which all UV models can be 
generated.


Heuristically,


More inner part of the cone tend to 
correspond to more complicated models, as 
they are positively weighted sum of outer 
elements.


Most outer elements -> ERs, are the most 
fundamental one-particle extensions.

~C↵ = (C1, C2, ...)
<latexit sha1_base64="ETP5VZ75/aTOTIJ0FctfMdL/468=">AAACBXicjVDLSsNAFJ3UV62vqEtdDBahQglJFXQjFLNxWcE+oAlhMp20QyeTMDMplNCNG3/FjQtF3PoP7vwbp4+FioIHLhzOuZd77wlTRqWy7Q+jsLS8srpWXC9tbG5t75i7ey2ZZAKTJk5YIjohkoRRTpqKKkY6qSAoDhlph0N36rdHREia8Fs1Tokfoz6nEcVIaSkwD70Rwbk7CTzE0gG6rLiBU3WDWtWyrJPALDuWPQP8m5TBAo3AfPd6Cc5iwhVmSMquY6fKz5FQFDMyKXmZJCnCQ9QnXU05ion089kXE3islR6MEqGLKzhTv07kKJZyHIe6M0ZqIH96U/E3r5up6MLPKU8zRTieL4oyBlUCp5HAHhUEKzbWBGFB9a0QD5BAWOngSv8LoVWznFPLvjkr168WcRTBATgCFeCAc1AH16ABmgCDO/AAnsCzcW88Gi/G67y1YCxm9sE3GG+fRLuWdQ==</latexit>

Complicated 
models

Simpler models

Simpler models

SM + 
particle 1

SM + 
particle 2

SM + 
particle 4SM + 

particle 3

Cross 
section

SM + 2  
particles 
(3&4)

 Points on a k-face 
correspond to ~k UV particles 26

~C↵ = (C1, C2, ...)
<latexit sha1_base64="ETP5VZ75/aTOTIJ0FctfMdL/468=">AAACBXicjVDLSsNAFJ3UV62vqEtdDBahQglJFXQjFLNxWcE+oAlhMp20QyeTMDMplNCNG3/FjQtF3PoP7vwbp4+FioIHLhzOuZd77wlTRqWy7Q+jsLS8srpWXC9tbG5t75i7ey2ZZAKTJk5YIjohkoRRTpqKKkY6qSAoDhlph0N36rdHREia8Fs1Tokfoz6nEcVIaSkwD70Rwbk7CTzE0gG6rLiBU3WDWtWyrJPALDuWPQP8m5TBAo3AfPd6Cc5iwhVmSMquY6fKz5FQFDMyKXmZJCnCQ9QnXU05ion089kXE3islR6MEqGLKzhTv07kKJZyHIe6M0ZqIH96U/E3r5up6MLPKU8zRTieL4oyBlUCp5HAHhUEKzbWBGFB9a0QD5BAWOngSv8LoVWznFPLvjkr168WcRTBATgCFeCAc1AH16ABmgCDO/AAnsCzcW88Gi/G67y1YCxm9sE3GG+fRLuWdQ==</latexit>



 27

Convex cones are sets closed under addition and positive scalar 
multiplication.


The set, C, of all positive linear combinations of elements of X = {x}, is a 
convex cone, denoted by


An element x is an extremal ray of C, if it cannot be split into two other 
elements in a nontrivial way:  

Hahn-Banach separation theorem -> a convex cone is the intersection of 
half-spaces (supporting planes)


Krein-Milman theorem: a salient cone C is a convex hull of its ERs. 


Salient: if the cone C does not contain a straight line.  
e.g.                         (unless c=0)


The set of PSD matrices is a convex cone. It’s ERs are rank-1 symmetric 
matrices (1D projectors),


The set of PSD matrices can be written as 

if x = u+ v and u, v 2 C, then x = �u or x = �v,� > 0

<latexit sha1_base64="MKBY82fdVm+tbyiKDxTgItqQ+ug="></latexit>

C = cone(X)

<latexit sha1_base64="jJ5TGALCmSNChDqUqccFTAUv6yc=">AAAB+XicjVDJSgNBFHzjGuM26tFLYxDiJUxU0IsQzMVjBLNAMoSeTk/SpJehuycYhvyJFw+KePVPvPk3dpaDioIFD4qq93hFRQlnxgbBh7e0vLK6tp7byG9ube/s+nv7DaNSTWidKK50K8KGciZp3TLLaSvRFIuI02Y0rE795ohqw5S8s+OEhgL3JYsZwdZJXd+vXnVEpO4zoiSdFFsnXb9QLgUzoL9JARaodf33Tk+RVFBpCcfGtMtBYsMMa8sIp5N8JzU0wWSI+7TtqMSCmjCbJZ+gY6f0UKy0G2nRTP16kWFhzFhEblNgOzA/van4m9dObXwZZkwmqaWSzB/FKUdWoWkNqMc0JZaPHcFEM5cVkQHWmFhXVv5/JTROS+WzUnB7XqhcL+rIwSEcQRHKcAEVuIEa1IHACB7gCZ69zHv0XrzX+eqSt7g5gG/w3j4B4D6TKA==</latexit>

c 2 C ) �c /2 C
<latexit sha1_base64="YMOnMNUHgcoAMf12TqxB4+Mic6w=">AAACGXicjVDLSsNAFJ3UV62vqEs3g0VwY0lU0GWxG5dV7AOaUCbTSTt0MhNmbpQS+htu/BU3LhRxqSv/xqTtwoqCBwYO55zLvXOCWHADjvNpFRYWl5ZXiqultfWNzS17e6dpVKIpa1AllG4HxDDBJWsAB8HasWYkCgRrBcNa7rdumTZcyRsYxcyPSF/ykFMCmdS1Hepxib2IwIASgWse9q55fwBEa3WHj6gnFcwFunbZrTgT4L9JGc1Q79rvXk/RJGISqCDGdFwnBj8lGjgVbFzyEsNiQoekzzoZlSRixk8nPxvjg0zp4VDp7EnAE/X7REoiY0ZRkCXzC81PLxd/8zoJhOd+ymWcAJN0uihMBAaF85pwj2tGQYwyQqjm2a2YDogmFLIyS/8roXlccU8qztVpuXoxq6OI9tA+OkQuOkNVdInqqIEoukeP6Bm9WA/Wk/VqvU2jBWs2s4vmYH18ATfdn80=</latexit>

M ij = mimj
<latexit sha1_base64="A1NsYXUy+jEH3xSPf5V65W1iFD0=">AAAB9XicjVDLSgMxFL1TX7W+qi7dBIvgqsyooBuh6MaNUME+oJ0pmTTTpk0yQ5JRytD/cONCEbf+izv/xvSxUFHwwIXDOfdyDydMONPGdT+c3MLi0vJKfrWwtr6xuVXc3qnrOFWE1kjMY9UMsaacSVozzHDaTBTFIuS0EQ4vJ37jjirNYnlrRgn1Be5JFjGCjZWC6yBjg/G5CBgSwaBTLHlldwr0NynBHNVO8b3djUkqqDSEY61bnpsYP8PKMMLpuNBONU0wGeIebVkqsaDaz6apx+jAKl0UxcqONGiqfr3IsNB6JEK7KbDp65/eRPzNa6UmOvMzJpPUUElmj6KUIxOjSQWoyxQlho8swUQxmxWRPlaYGFtU4X8l1I/K3nHZvTkpVS7mdeRhD/bhEDw4hQpcQRVqQEDBAzzBs3PvPDovzutsNefMb3bhG5y3Tye/kkc=</latexit>

cone(mimj
)

<latexit sha1_base64="cv57k8ixUZxXxaI31Ysij59J6wY=">AAAB/HicjVDJSgNBFHzjGuM2mqOXwSDES5hRQY9BLx4jmAWSSejp9CRtehm6e8QwxF/x4kERr36IN//GznJQUbDgQVH1Hq+oKGFUG9//cBYWl5ZXVnNr+fWNza1td2e3rmWqMKlhyaRqRkgTRgWpGWoYaSaKIB4x0oiGFxO/cUuUplJcm1FCQo76gsYUI2Olrlto80jeZVgKMi7xDuWdm8OuWwzK/hTe36QIc1S77nu7J3HKiTCYIa1bgZ+YMEPKUMzION9ONUkQHqI+aVkqECc6zKbhx96BVXpeLJUdYbyp+vUiQ1zrEY/sJkdmoH96E/E3r5Wa+CzMqEhSQwSePYpT5hnpTZrwelQRbNjIEoQVtVk9PEAKYWP7yv+vhPpROTgu+1cnxcr5vI4c7ME+lCCAU6jAJVShBhhG8ABP8OzcO4/Oi/M6W11w5jcF+Abn7RPIpZTX</latexit>



M ijkl =
X

X

0
Z 1

(✏⇤)2

dµmX
ijmX

kl

⇡(µ� 1
2M

2)3
+ (j $ l)

<latexit sha1_base64="hGZwMNPnMKTsh+3ceoA/Ss6E5PE="></latexit>

Let C be the set of all possible Mijkl. C is a salient convex cone:

C = cone

⇣n

mijmkl
+milmkj , m 2 Rn2

o⌘

<latexit sha1_base64="zPYv8WsPWGKTPH/p9tVD1yLU/z4="></latexit>

Instead of finding positivity bounds, might just directly look for the ERs, 
and take the convex hull.


If there is no (j<->l) term,


cijkl being ER in C’, is a necessary condition for cijkl+cilkj to be ER in C.


First find ERs of C’, then add (j<->l) to get potential ER (PER) of C, 
then discard the non ER ones.

C0
= cone

⇣n

mijmkl, m 2 Rn2
o⌘

<latexit sha1_base64="C2XG1MvoFOwIIT3W6NiVyxXdkss="></latexit>
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Salient because:
�ik�jlM ijkl � 0

8M 2 C
<latexit sha1_base64="tIDfzzCVdgUYAjgT6nN+zKVtODk=">AAACJ3icjVDLSgMxFM34tr6qLt0Ei8VVmaqgKxHduBEU7AOaWu6ktzU2kxmSjFCG+Rs3/oobQUV06Z+Y1goqCh4IHM65l3tyglgKY33/1Rsbn5icmp6Zzc3NLywu5ZdXqiZKNMcKj2Sk6wEYlEJhxQorsR5rhDCQWAt6RwO/do3aiEid236MzRC6SnQEB+ukVn6/yNooLVykopd90iuZnTjhqicz1kWfsVyRdSINUtITJhQLwV5ykOlR1soXyiV/CPo3KZARTlv5B9aOeBKislyCMY2yH9tmCtoKLjHLscRgDLwHXWw4qiBE00yH/8zohlPa1CVxT1k6VL9upBAa0w8DNzmIaH56A/E3r5HYzl4zFSpOLCr+caiTSGojOiiNtoVGbmXfEeBauKyUX4IGbl21uf+VUN0qlbdL/tlO4eBwVMcMWSPrZJOUyS45IMfklFQIJzfkjjySJ+/Wu/eevZeP0TFvtLNKvsF7ewdqpKbe</latexit>



C0
= cone

⇣n

mijmkl, m 2 Rn2
o⌘

<latexit sha1_base64="C2XG1MvoFOwIIT3W6NiVyxXdkss="></latexit>

is the cone of n2xn2 PSD matrices. ERs are simply mijmkl, or 1-D projectors.


Physics interpretation? For Mijkl to be ER:

M ijkl =
X

X

0
Z 1

(✏⇤)2

dµmX
ijmX

kl

⇡(µ� 1
2M

2)3
+ (j $ l)

<latexit sha1_base64="hGZwMNPnMKTsh+3ceoA/Ss6E5PE="></latexit>

mX is a function of s and phase space of X, ΠX.


(Integration of ERs) = ER implies that all ERs are parallel.


i.e., mX can only have a factorized dependence on s, ΠX.  

Simplest case: X is a one particle state -> Summation and integration 

vanish. I.e. PERs are one particle extensions of SM.

mij
X(s,⇧X) = f(s,⇧X)mij

<latexit sha1_base64="cnbvbFyHQ2omwWcp99lLrlAfvnI=">AAACC3icjVBNS8NAEN34WetX1KOXpUWoICVRQS9C0YvHCrYNtDFstpt27e4m7G6EEnr34l/x4kERr/4Bb/4bt2kRFQUfDDzem2FmXpgwqrTjvFszs3PzC4uFpeLyyuraur2x2VRxKjFp4JjF0guRIowK0tBUM+IlkiAeMtIKB2djv3VDpKKxuNTDhPgc9QSNKEbaSIFd4oF3ldHrUUXtdeo08HZPok/Kcyewy27VyQH/JmUwRT2w3zrdGKecCI0ZUqrtOon2MyQ1xYyMip1UkQThAeqRtqECcaL8LP9lBHeM0oVRLE0JDXP160SGuFJDHppOjnRf/fTG4m9eO9XRsZ9RkaSaCDxZFKUM6hiOg4FdKgnWbGgIwpKaWyHuI4mwNvEV/xdCc7/qHlSdi8Ny7XQaRwFsgxKoABccgRo4B3XQABjcgnvwCJ6sO+vBerZeJq0z1nRmC3yD9foBaLqaAg==</latexit>

(Integration of ERs) = ER, 
implies all ERs are parallel!
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SMEFT has a number of symmetries


Internal (e.g. gauge) symmetries of i,j,k,l


Rotation around forward direction, SO(2) of transverse polarization.


With symmetries, instead of 1-D projectors, the PERs are 

projectors of the irrep of ri x rj. (Obtain from CG coefs)


PERs are one multiplet (w.r.t. SM symmetries) particle extensions of SM.

O Plane of all symmetries

1D projector
New ER = combining 1D projectors  
to be symmetric -> irrep projectors

1D projector

1D projector
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The Higgs triangular cone

3 HHHH operators  
 

HH can form 6 irreps.


Each can be generated by integrating 
out “1 particle”

Cross 
section

L = g1(H
T ✏
 !
D µH)V µ†

1 + g1S(H
†H)S1

+ ig1A(H
† !D µH)V µ

2 + g3(H
T ✏⌧ IH)SI†

2

+ g3S(H
†⌧ IH)SI

3 + ig3A(H
†⌧ I
 !
D µH)V µI

3 + h.c.
<latexit sha1_base64="WyH1It6iN5+3349jpJuaNhC3FCY="></latexit>

11S

1A

3A

3S

3

6 PERs, 3 are linearly independent, 3 
are extremal

The space of 4-Higgs Wilson 
coefficients form a triangular cone
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The Higgs triangular cone

We learned


Positivity bounds: faces of this cone  
 
 
 
 
 
(i.e. longitudinal 
4-gauge boson  
couplings)

Cross 
section

11S

1A

3A

3S

3

fS,0 � 0

fS,0 + fS,2 � 0

fS,0 + fS,1 + fS,2 � 0
<latexit sha1_base64="HexERevWv7VjgAD+SQ6SV1UZ2lM=">AAACLXicjVBdS8MwFE3n16xfVR99CQ5FUEY7BX0c6oOPE90HrKWkWbqFpWlJUmGU/SFf/Csi+DARX/0bZl0fnCh4INyTc+4luSdIGJXKtidGaWFxaXmlvGqurW9sblnbOy0ZpwKTJo5ZLDoBkoRRTpqKKkY6iSAoChhpB8Orqd9+IELSmN+rUUK8CPU5DSlGSku+dR362d2JPT50+8Q2Xdcs7sd5rf2hO/O+b1Wcqp0D/k0qoEDDt17cXozTiHCFGZKy69iJ8jIkFMWMjE03lSRBeIj6pKspRxGRXpZvO4YHWunBMBb6cAVz9ftEhiIpR1GgOyOkBvKnNxV/87qpCi+8jPIkVYTj2UNhyqCK4TQ62KOCYMVGmiAsqP4rxAMkEFY6YPN/IbRqVee0at+eVeqXRRxlsAf2wRFwwDmogxvQAE2AwSN4BhPwZjwZr8a78TFrLRnFzC6Yg/H5BTWopHg=</latexit>
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The Higgs triangular cone

Infer UV state from measurements, from 
measured coefficients C=(C1,C2,…)


E.g. if C = ER => UV is uniquely 
determined.


E.g. C in blue region => particle 1 must 
exist.


Can be quantified, e.g. setting lower bound 
etc.

Cross 
section

11S

1A

3A

3S

3

L = g1(H
T ✏
 !
D µH)V µ†

1 + g1S(H
†H)S1

+ ig1A(H
† !D µH)V µ

2 + g3(H
T ✏⌧ IH)SI†

2

+ g3S(H
†⌧ IH)SI

3 + ig3A(H
†⌧ I
 !
D µH)V µI

3 + h.c.
<latexit sha1_base64="WyH1It6iN5+3349jpJuaNhC3FCY="></latexit>

1, 1S, 1A, 3, 3S, 3A are defined by
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The Higgs triangular cone

Infer UV state from measurements, from 
measured coefficients C=(C1,C2,…)


E.g. if C = ER => UV is uniquely 
determined.


E.g. C in blue region => particle 1 must 
exist.


Can be quantified, e.g. setting lower bound 
etc.

Cross 
section

11S

1A

3A

3S

3

L = g1(H
T ✏
 !
D µH)V µ†

1 + g1S(H
†H)S1

+ ig1A(H
† !D µH)V µ

2 + g3(H
T ✏⌧ IH)SI†

2

+ g3S(H
†⌧ IH)SI

3 + ig3A(H
†⌧ I
 !
D µH)V µI

3 + h.c.
<latexit sha1_base64="WyH1It6iN5+3349jpJuaNhC3FCY="></latexit>

1, 1S, 1A, 3, 3S, 3A are defined by

1, 3S, 3 cannot exist

1A, 3, 3A cannot exist

1, 3, 3S/A  
 cannot exist
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The Higgs triangular cone

Infer UV state from measurements, from 
measured coefficients C=(C1,C2,…)


E.g. if C = ER => UV is uniquely 
determined.


E.g. C in blue region => particle 1 must 
exist.


Can be quantified, e.g. setting lower bound 
etc.

Cross 
section

11S

1A

3A

3S

3

L = g1(H
T ✏
 !
D µH)V µ†

1 + g1S(H
†H)S1

+ ig1A(H
† !D µH)V µ

2 + g3(H
T ✏⌧ IH)SI†

2

+ g3S(H
†⌧ IH)SI

3 + ig3A(H
†⌧ I
 !
D µH)V µI

3 + h.c.
<latexit sha1_base64="WyH1It6iN5+3349jpJuaNhC3FCY="></latexit>

1S,1A must exist

1 must exist

1A must exist

1S must exist

1, 1S, 1A, 3, 3S, 3A are defined by
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W-boson polyhedral cone

The W boson has 6 components.  
[3 of SU(2), 2 of SO(2)].


9 PERs, 8 are extremal, 5 linearly 
independent. -> 5D polyhedral cone 
with 8 edges.


Operators: 
 
 
               and more…

Cross 
section

CT,2 � 0, 4CT,1 + CT,2 � 0,

CT,2 + 8CT,10 � 0, 8CT,0 + 4CT,1 + 3CT,2 � 0,

12CT,0 + 4CT,1 + 5CT,2 + 4CT,10 � 0,

4CT,0 + 4CT,1 + 3CT,2 + 12CT,10 � 0.
<latexit sha1_base64="XHoMaphJ2qxy2mcX0cg7JnkcThE="></latexit>

Bounds (on transverse QGCs)  
are tighter than positivity from
uivju⇤kv⇤lM ijkl � 0

<latexit sha1_base64="YMyrkPqpzRtdEiZoII9LRoKbU3s=">AAACB3icbVDLSsNAFJ3UV62vqEtBBosgLkqigi6LbtwIFewD2qRMptN2mskkzKNQQnZu/BU3LhRx6y+482+cPgS1HpjhcM693HtPkDAqleN8WrmFxaXllfxqYW19Y3PL3t6pyVgLTKo4ZrFoBEgSRjmpKqoYaSSCoChgpB6EV2O/PiRC0pjfqVFCvAj1OO1SjJSR2va+9unQH2g/PQ6zoflZduOndBCyrNUjTtsuOiVnAuh+kzmlCGaotO2PVifGOiJcYYakbLpOorwUCUUxI1mhpSVJEA5RjzQN5Sgi0ksnd2Tw0Cgd2I2FeVzBifqzI0WRlKMoMJURUn351xuL/3lNrboXXkp5ohXheDqoqxlUMRyHAjtUEKzYyBCEBTW7QtxHAmFloiuYENy5EOZI7aTknpac27Ni+XIWRx7sgQNwBFxwDsrgGlRAFWBwDx7BM3ixHqwn69V6m5bmrFnPLvgF6/0LjqiZuw==</latexit>

Cannot be derived from uvuv.M
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W-boson polyhedral cone
Consider                                         is 36x36 matrix  
 

If  
 
then we have a new bound not  
covered by


The ER approach gives two such 
matrices  =>


Eigenvalues are  
15,10,10,10,6,6,6,6,6,6,6,6,6,6,5,2,2,2,2,2 
plus 16 0’s.


Same T’s apply to other theories.

T ijkl = T ilkj 2 R(64), T (ij),(kl) ⌫ 0
<latexit sha1_base64="Lg/EjFn74Xb5F/mMDlW0T/hkhhA="></latexit>

T ijklmijmkl = T ijklmilmkj � 0 ) T ijklM ijkl � 0
<latexit sha1_base64="SJS2cCU7mk/i5wrzXmVdCLn2c2s="></latexit>

T ijkl 6=
X

↵

⇢↵u
i
↵v

j
↵u

k
↵v

l
↵

<latexit sha1_base64="CE+c2hLxgUIyUDae3Yb/H917qWs=">AAACOXicjZBNS8MwHMZTX2d9q3r0EhyCp9GqoMehF48T9gZrO9IsXbOmaU3SwSj7Wl78Ft4ELx4U8eoXsNs6fEHBBwI/nuf/J8njJYxKZZoP2sLi0vLKamlNX9/Y3No2dnabMk4FJg0cs1i0PSQJo5w0FFWMtBNBUOQx0vLCy0neGhIhaczrapQQJ0J9Tn2KkcqtrlGruxkdhGxsc3IDbZlGXRuxJEDQFkE859SlBepDd/DphnMcuqzArlG2KuZU8G8og0K1rnFv92KcRoQrzJCUHctMlJMhoShmZKzbqSQJwiHqk06OHEVEOtn052N4mDs96MciP1zBqft1I0ORlKPIyycjpAL5M5uYv2WdVPnnTkZ5kirC8ewiP2VQxXBSI+xRQbBioxwQFjR/K8QBEgirvGz9fyU0jyvWScW8Pi1XL4o6SmAfHIAjYIEzUAVXoAYaAINb8AiewYt2pz1pr9rbbHRBK3b2wDdp7x8TsK5C</latexit>

uivju⇤kv⇤lM ijkl � 0
<latexit sha1_base64="YMyrkPqpzRtdEiZoII9LRoKbU3s=">AAACB3icbVDLSsNAFJ3UV62vqEtBBosgLkqigi6LbtwIFewD2qRMptN2mskkzKNQQnZu/BU3LhRx6y+482+cPgS1HpjhcM693HtPkDAqleN8WrmFxaXllfxqYW19Y3PL3t6pyVgLTKo4ZrFoBEgSRjmpKqoYaSSCoChgpB6EV2O/PiRC0pjfqVFCvAj1OO1SjJSR2va+9unQH2g/PQ6zoflZduOndBCyrNUjTtsuOiVnAuh+kzmlCGaotO2PVifGOiJcYYakbLpOorwUCUUxI1mhpSVJEA5RjzQN5Sgi0ksnd2Tw0Cgd2I2FeVzBifqzI0WRlKMoMJURUn351xuL/3lNrboXXkp5ohXheDqoqxlUMRyHAjtUEKzYyBCEBTW7QtxHAmFloiuYENy5EOZI7aTknpac27Ni+XIWRx7sgQNwBFxwDsrgGlRAFWBwDx7BM3ixHqwn69V6m5bmrFnPLvgF6/0LjqiZuw==</latexit>

0

BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB@

9
2 0 0 0 0 0 0 1

2 0 0 0 0 0 0 3
2 0 0 0 0 0 0 7

2 0 0 0 0 0 0 3
2 0 0 0 0 0 0 7

2
0 7

2 0 0 0 0 1
2 0 0 0 0 0 0 0 0 � 1

2 0 0 0 0 � 3
2 0 0 0 0 0 0 0 0 � 1

2 0 0 0 0 � 3
2 0

0 0 3
2 0 0 0 0 0 0 � 3

2 0 0 3
2 0 0 0 0 0 0 � 3

2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 9

2 0 0 0 0 � 3
2 0 0 0 0 � 1

2 0 0 0 0 7
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 3
2 0 0 0 0 0 0 � 3

2 0 0 0 0 0 0 0 0 0 0 0 0 3
2 0 0 0 0 0 0 � 3

2 0 0 0 0
0 0 0 0 0 9

2 0 0 0 0 � 3
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 � 1

2 0 0 0 0 7
2 0 0 0 0 0

0 1
2 0 0 0 0 7

2 0 0 0 0 0 0 0 0 � 3
2 0 0 0 0 � 1

2 0 0 0 0 0 0 0 0 � 3
2 0 0 0 0 � 1

2 0
1
2 0 0 0 0 0 0 9

2 0 0 0 0 0 0 7
2 0 0 0 0 0 0 3

2 0 0 0 0 0 0 7
2 0 0 0 0 0 0 3

2
0 0 0 � 3

2 0 0 0 0 9
2 0 0 0 0 7

2 0 0 0 0 � 1
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 � 3
2 0 0 0 0 0 0 3

2 0 0 � 3
2 0 0 0 0 0 0 3

2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 � 3

2 0 0 0 0 9
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7

2 0 0 0 0 � 1
2 0 0 0 0 0

0 0 0 0 � 3
2 0 0 0 0 0 0 3

2 0 0 0 0 0 0 0 0 0 0 0 0 � 3
2 0 0 0 0 0 0 3

2 0 0 0 0
0 0 3

2 0 0 0 0 0 0 � 3
2 0 0 3

2 0 0 0 0 0 0 � 3
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 � 1
2 0 0 0 0 7

2 0 0 0 0 9
2 0 0 0 0 � 3

2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3
2 0 0 0 0 0 0 7

2 0 0 0 0 0 0 9
2 0 0 0 0 0 0 1

2 0 0 0 0 0 0 3
2 0 0 0 0 0 0 7

2
0 � 1

2 0 0 0 0 � 3
2 0 0 0 0 0 0 0 0 7

2 0 0 0 0 1
2 0 0 0 0 0 0 0 0 � 1

2 0 0 0 0 � 3
2 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3
2 0 0 0 0 0 0 � 3

2 0 0 3
2 0 0 0 0 0 0 � 3

2 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9

2 0 0 0 0 � 3
2 0 0 0 0 � 1

2 0 0 0 0 7
2 0 0 0

0 0 0 7
2 0 0 0 0 � 1

2 0 0 0 0 � 3
2 0 0 0 0 9

2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 � 3

2 0 0 0 0 0 0 3
2 0 0 � 3

2 0 0 0 0 0 0 3
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 � 3
2 0 0 0 0 � 1

2 0 0 0 0 0 0 0 0 1
2 0 0 0 0 7

2 0 0 0 0 0 0 0 0 � 3
2 0 0 0 0 � 1

2 0
7
2 0 0 0 0 0 0 3

2 0 0 0 0 0 0 1
2 0 0 0 0 0 0 9

2 0 0 0 0 0 0 7
2 0 0 0 0 0 0 3

2
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 � 3

2 0 0 0 0 9
2 0 0 0 0 7

2 0 0 0 0 � 1
2 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 � 3
2 0 0 0 0 0 0 3

2 0 0 � 3
2 0 0 0 0 0 0 3

2 0 0
0 0 0 0 3

2 0 0 0 0 0 0 � 3
2 0 0 0 0 0 0 0 0 0 0 0 0 3

2 0 0 0 0 0 0 � 3
2 0 0 0 0

0 0 0 0 0 � 1
2 0 0 0 0 7

2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9
2 0 0 0 0 � 3

2 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3

2 0 0 0 0 0 0 � 3
2 0 0 3

2 0 0 0 0 0 0 � 3
2 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 � 1
2 0 0 0 0 7

2 0 0 0 0 9
2 0 0 0 0 � 3

2 0 0 0
3
2 0 0 0 0 0 0 7

2 0 0 0 0 0 0 3
2 0 0 0 0 0 0 7

2 0 0 0 0 0 0 9
2 0 0 0 0 0 0 1

2
0 � 1

2 0 0 0 0 � 3
2 0 0 0 0 0 0 0 0 � 1

2 0 0 0 0 � 3
2 0 0 0 0 0 0 0 0 7

2 0 0 0 0 1
2 0

0 0 0 0 0 7
2 0 0 0 0 � 1

2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 � 3
2 0 0 0 0 9

2 0 0 0 0 0
0 0 0 0 � 3

2 0 0 0 0 0 0 3
2 0 0 0 0 0 0 0 0 0 0 0 0 � 3

2 0 0 0 0 0 0 3
2 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7
2 0 0 0 0 � 1

2 0 0 0 0 � 3
2 0 0 0 0 9

2 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 � 3

2 0 0 0 0 0 0 3
2 0 0 � 3

2 0 0 0 0 0 0 3
2 0 0

0 � 3
2 0 0 0 0 � 1

2 0 0 0 0 0 0 0 0 � 3
2 0 0 0 0 � 1

2 0 0 0 0 0 0 0 0 1
2 0 0 0 0 7

2 0
7
2 0 0 0 0 0 0 3

2 0 0 0 0 0 0 7
2 0 0 0 0 0 0 3

2 0 0 0 0 0 0 1
2 0 0 0 0 0 0 9

2

1

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCA

<latexit sha1_base64="F35dUwQD/Z6qh4r5FZOioG0adak="></latexit>

 35

, ⇢↵ � 0
<latexit sha1_base64="KxUM32ukb6m74VUObdYk1heU8bQ=">AAAB+3icjVDLSsNAFL2pr1pftS7dDBbBhZREBV0W3bisYB/QhDCZTpqhk5kwMxFL6K+4caGIW3/EnX/j9LFQUfDAhcM593IPJ8o408Z1P5zS0vLK6lp5vbKxubW9U92tdbTMFaFtIrlUvQhrypmgbcMMp71MUZxGnHaj0dXU795RpZkUt2ac0SDFQ8FiRrCxUlitHfvIV4kMfcyzBPtD6obVutdwZ0B/kzos0Aqr7/5AkjylwhCOte57bmaCAivDCKeTip9rmmEywkPat1TglOqgmGWfoEOrDFAslR1h0Ez9elHgVOtxGtnNFJtE//Sm4m9ePzfxRVAwkeWGCjJ/FOccGYmmRaABU5QYPrYEE8VsVkQSrDAxtq7K/0ronDS804Z7c1ZvXi7qKMM+HMAReHAOTbiGFrSBwD08wBM8OxPn0XlxXuerJWdxswff4Lx9Agltk8o=</latexit>



The Fermion cone

Chiral fermions, FL and FR. 4 F4DD operators. May couple to new state via

Majorana-like scalar coupling (ML, MR)

Dirac-like scalar coupling (DS, DA)

Vector coupling from same chirality (V) and opposite (V’)


May infer UV state and couplings: Assume the black dot is measured.  
If the small arc (black) on V is removed, the convex hull of the rest PERs 
does not contain the point.


=> V/A type coupling must exist, |gA/gV| < 0.35

Cross 
section
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Numerically: might as well directly determine if a given point is included in the 

convex hull of all ERs (convex inclusion)


Infinite number of (potential) ERs, but numerically,  
we sample them with a large number 
(N of order 100~1000) of discrete ERs,  
i.e. polyhedral cone inscribed to a “circular” cone.


The inclusion determination is  
equivalent to a linear programming: 

where e’s are the ERs, f is the given point, w’s are real numbers


Can be done efficiently with 
classic programming algorithms.


Volume: ~0.681% ( 1 - 79.3/N2 )


The true volume seems to be 0.681%.


