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Outline

Introduction to:


SMEFT


positivity bounds


The positive structures in SMEFT


Phenomenological applications
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SMEFT



The SM Effective Field Theory
New particles? New interactions?

Precise measurements at low energy => probe BSM beyond the collider reach.

Slide by E. Vryonidou



The SM Effective Field Theory

Fermi’s theory, as an effective theory of the weak interactions.


Measurements at low scales could reveal information at high 
scales.


A systematically improvable framework.


Muon lifetime has been measured with ~10-6 uncertainties.  TH 
predicts at the same level, with 2-loop QED corrections.



The SM Effective Field Theory
Nature of BSM physics unknown → use EFT in a bottom-up 
approach.


Write down all possible operators satisfying Lorentz and Gauge 
invariance
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: scale of new physics;     : Wilson coefficients;       : dim-n operators
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SMEFT: parametrize high-scale New Physics in terms of Wilson 
coefficients. This is a very general approach to New Physics and 
allows to constrain a large class of high-scale BSM models.



based

cluster

gauge invariance……

From “All Things EFT Inaugural Lecture: On the Development of Effective Field Theory”, Steven Weinberg



https://sites.google.com/view/all-things-eft

https://indico.ihep.ac.cn/event/12712/

https://inspirehep.net/seminars?
sort=dateasc&size=25&page=1&start_date=upcom
ing&series=All%20Things%20EFT%3A%20Interna
tional%20Online%20Seminar

https://www.youtube.com/channel/UC1_KF6kdJFoDEcLgpcegwCQ

See also:



The SM Effective Field Theory

[L. Lehman, 14] [Liao & Ma, 16]
[H.-L. Li et al., 20] [C. W. Murphy, 20]
[H.-L. Li et al., 20] [Liao & Ma, 20]

See also:

Dim-7:

Dim-8:

Dim-9: [B. Grzadkowski et al., 1008.4884]

Dim 5 operators are lepton number 
(LN) violating


There are 59 independent (B and L 
conserving) dim-6 operators in the 
SMEFT


Counting all possible flavour 
configurations using 3 fermion 
generations: 2499 


Addional 4 B-violating operators 
possible (flavour not counted)



Many BSM models

The EFT space

Many BSM models

The EFT space

Experiments need to  
be analyzed in EFT,  
once and for all

Matching UV determination?





Automatic NLO+PS for all processes/operators

MG5_aMC>import model SMEFT  

MG5_aMC>generate p p > t t∼ NP=2 [QCD]  

MG5_aMC>output 

MG5_aMC>launch 

Theory predictions Fitting (preliminary)

See e.g. [1901.05965 N. P. Hartland et al.], 
[1910.03606 I. Brivio et al.]



Many BSM models

The EFT space

Many BSM models

The EFT space

Experiments need to  
be analyzed in EFT,  
once and for all

Matching UV determination?

How exactly?



Many BSM models

The EFT space

Many BSM models

The EFT space

Matching UV determination?

How exactly?

Inverse problem: Given the measured values of the operator coefficients around the 
electroweak scale, to what extend can we possibly determine the nature of the new physics 
beyond the SM? [Gu, Wang, 2008.07551]  
see also [S. Dawson et al. 2007.01296] [N. Arkani-Hamed et al. hep-ph/0512190]



Many BSM models

The EFT space

Many BSM models

Matching

The EFT space (Dim-8)

(Positivity) Not all EFTs have a UV completion!


Using axiomatic principles of QFT, including casuality, unitarity, 
Lorentz symmetry, etc., we can show that if the EFT has a UV 
completion consistent with QFT, (positivity) bounds can be placed on 
Wilson coefficients.

Positivity bounds



Positivity bounds



Positivity bounds

The second s derivative of a 2-to-2 scattering amplitude 
(forward and elastic), computed in the IR limit, needs to be 
positive.  M’’(s,t=0) > 0 at s->0.


This can be computed in an EFT: by definition, EFT captures 
the IR behavior of the theory. Often just gives c>0.


May go beyond elasticity (will cover in this talk) and forward 
limit (will not cover here, see [de Rham, Melville, Tolley & 
Zhou, 1706.02712] ).
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ijkl: particle index Forward scattering amp,  
at low energy  
(calculable in EFT)
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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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A(s, 0)  O(s ln2 s)

Dispersion relation from Cauchy's integral formula, 
analyticity, unitarity
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where  

M and m are rank-4 and rank-2 tensors respectively.  

Mijkl calculable in SMEFT, e.g.
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Elastic positivity is easily understood:


When i=k, j=l, ( i j -> i j ),  
RHS ->                     i.e.


Superposition:  
with superposed states:  
RHS ->  
i.e. 


This is however equivalent to the determination of 4-th 
order PSD polynomial (which is NP hard…)
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<latexit sha1_base64="YMyrkPqpzRtdEiZoII9LRoKbU3s=">AAACB3icbVDLSsNAFJ3UV62vqEtBBosgLkqigi6LbtwIFewD2qRMptN2mskkzKNQQnZu/BU3LhRx6y+482+cPgS1HpjhcM693HtPkDAqleN8WrmFxaXllfxqYW19Y3PL3t6pyVgLTKo4ZrFoBEgSRjmpKqoYaSSCoChgpB6EV2O/PiRC0pjfqVFCvAj1OO1SjJSR2va+9unQH2g/PQ6zoflZduOndBCyrNUjTtsuOiVnAuh+kzmlCGaotO2PVifGOiJcYYakbLpOorwUCUUxI1mhpSVJEA5RjzQN5Sgi0ksnd2Tw0Cgd2I2FeVzBifqzI0WRlKMoMJURUn351xuL/3lNrboXXkp5ohXheDqoqxlUMRyHAjtUEKzYyBCEBTW7QtxHAmFloiuYENy5EOZI7aTknpac27Ni+XIWRx7sgQNwBFxwDsrgGlRAFWBwDx7BM3ixHqwn69V6m5bmrFnPLvgF6/0LjqiZuw==</latexit>

<latexit sha1_base64="5aYvRibXEjrsYlDzoCEdsE0lCfo="></latexit>

M(|ui+ |vi ! |ui+ |vi) = uivju⇤kv⇤l ·M ijkl
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<latexit sha1_base64="y+BOtHkx2tVU0iILdmxrcjK+8Jw=">AAACLHicjZBLSwMxFIUz9VXra9Slm2ARXEiZEUU3SrEblxXsAzpjyaSZNjTzILkplNof5Ma/IogLi7j1dzjtjKBFwQOBy3fOJcnxYsEVWNbEyC0sLi2v5FcLa+sbm1vm9k5dRVpSVqORiGTTI4oJHrIacBCsGUtGAk+whtevTP3GgEnFo/AWhjFzA9INuc8pgQS1zYojmA/32pG824PLC33HU8IzcuTgFAy+IoP5SNss2iVrJvz3UESZqm3z2elEVAcsBCqIUi3bisEdEQmcCjYuOFqxmNA+6bJWMoYkYModzT47xgcJ6WA/kskJAc/o940RCZQaBl6SDAj01Lw3hb95LQ3+uTviYayBhTS9yNcCQ4SnzeEOl4yCGCYDoZInb8W0RyShkPRb+F8J9eOSfVqybk6K5ausjjzaQ/voENnoDJXRNaqiGqLoAT2hVzQxHo0X4814T6M5I9vZRT9kfHwCf9CplA==</latexit>

|ui = ui |ii , |vi = vi |ii



For example, the aQGC couplings are relevant  
in VBS measurements


These are conventionally parameterized by

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>

<latexit sha1_base64="XRvJMKmGo5Sav0+wpoWnFfJTvzU="></latexit>

OS,0 = [(Dµ�)†D⌫�]⇥ [(Dµ�)†D⌫�]
OS,1 = [(Dµ�)†Dµ�]⇥ [(D⌫�)†D⌫�]
OS,2 = [(Dµ�)†D⌫�]⇥ [(D⌫�)†Dµ�]

OM,0 = Tr
h
Ŵµ⌫Ŵ

µ⌫
i
⇥
⇥
(D��)†D��

⇤

OM,1 = Tr
h
Ŵµ⌫Ŵ

⌫�
i
⇥

⇥
(D��)†Dµ�

⇤

OM,2 =
h
B̂µ⌫B̂

µ⌫
i
⇥
⇥
(D��)†D��

⇤

OM,3 =
h
B̂µ⌫B̂

⌫�
i
⇥

⇥
(D��)†Dµ�

⇤

OM,4 =
h
(Dµ�)†Ŵ�⌫D

µ�
i
⇥ B̂�⌫

OM,5 = 1
2

h
(Dµ�)†Ŵ�⌫D

⌫�
i
⇥ B̂�µ + h.c.

OM,7 =
h
(Dµ�)†Ŵ�⌫Ŵ

�µD⌫�
i

<latexit sha1_base64="XRvJMKmGo5Sav0+wpoWnFfJTvzU="></latexit>

OS,0 = [(Dµ�)†D⌫�]⇥ [(Dµ�)†D⌫�]
OS,1 = [(Dµ�)†Dµ�]⇥ [(D⌫�)†D⌫�]
OS,2 = [(Dµ�)†D⌫�]⇥ [(D⌫�)†Dµ�]

OM,0 = Tr
h
Ŵµ⌫Ŵ

µ⌫
i
⇥
⇥
(D��)†D��

⇤

OM,1 = Tr
h
Ŵµ⌫Ŵ

⌫�
i
⇥

⇥
(D��)†Dµ�

⇤

OM,2 =
h
B̂µ⌫B̂

µ⌫
i
⇥
⇥
(D��)†D��

⇤

OM,3 =
h
B̂µ⌫B̂

⌫�
i
⇥

⇥
(D��)†Dµ�

⇤

OM,4 =
h
(Dµ�)†Ŵ�⌫D

µ�
i
⇥ B̂�⌫

OM,5 = 1
2

h
(Dµ�)†Ŵ�⌫D

⌫�
i
⇥ B̂�µ + h.c.

OM,7 =
h
(Dµ�)†Ŵ�⌫Ŵ

�µD⌫�
i

[Eboli, Gonzalez-Garcia, Mizukoshi, PRD 06]

[Eboli, Gonzalez-Garcia, PRD 16]
[C. Degrande et al. Snow Mass Proceedings 13]
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For example, the aQGC couplings are relevant  
in VBS measurements

Bounds for 
two ops

CMS-PAS-SMP-18-001

Three ops

(structures?)

[1902.08977, Q. Bi, CZ, S.-Y. Zhou]
 21

With arbitrary polarization -> arbitrary superposition of particle states



What determines the structures (polytopes/cones) of the parameters 
space?


Symmetries between different  
modes play a role in the shapes.


What are the UV physics/models 
behind these structures? What do  
we learn from them?  

Are the conventional elastic (+superposition) approach give the best 
bounds that QFT principles implies?


E.g., going beyond t->0 limit. (But not relevant for SMEFT dim-8)


SMEFT is special in that a large number of low energy modes are 
involved. In this case, elastic + superposition turns out to be 
insufficient.

vs
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The positive structures in SMEFT
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Positivity has the form:


A set of linear inequality => Convex Cone


Convex Cones have 2 representation:


Inequality rep: As bounded by faces (inequalities) 
which become positivity bounds.


Extremal rep: As convex hull of extremal 
rays (ERs)


ER: rays that cannot be nontrivial split into two 
others rays in the same cone.


Convex hull represents “positive generation”. So ERs 
are “generators”.


Physical meaning:  
ERs are the generators of all UV-completable EFTs!

uivjuivjM ijkl � 0 )
X

↵

C(8)
↵ p↵(u, v) � 0

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

Polyhedral cone

Circular cone
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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>

Convex hull: represents “positive generation”



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


Integrating out each particle gives a ray 
within the cone


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


ER corresponds to one-particle SM extension!


From which all UV models can be 
generated.

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



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


Integrating out each particle gives a ray 
within the cone


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


ER corresponds to one-particle SM extension!


From which all UV models can be 
generated.


Heuristically,


An ER is an almost “unique” UV.


Points closer to an ER has less arbitrariness in 
UV determination.


Similarly hold for edge, facets… or in general, 
a k-face, i.e. face of dim-k.


UV-model ordered in complexity in this view.

~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)

Roughly, points on a k-face  
correspond to ~k UV particles
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~C↵ = (C1, C2, ...)
<latexit sha1_base64="ETP5VZ75/aTOTIJ0FctfMdL/468=">AAACBXicjVDLSsNAFJ3UV62vqEtdDBahQglJFXQjFLNxWcE+oAlhMp20QyeTMDMplNCNG3/FjQtF3PoP7vwbp4+FioIHLhzOuZd77wlTRqWy7Q+jsLS8srpWXC9tbG5t75i7ey2ZZAKTJk5YIjohkoRRTpqKKkY6qSAoDhlph0N36rdHREia8Fs1Tokfoz6nEcVIaSkwD70Rwbk7CTzE0gG6rLiBU3WDWtWyrJPALDuWPQP8m5TBAo3AfPd6Cc5iwhVmSMquY6fKz5FQFDMyKXmZJCnCQ9QnXU05ion089kXE3islR6MEqGLKzhTv07kKJZyHIe6M0ZqIH96U/E3r5up6MLPKU8zRTieL4oyBlUCp5HAHhUEKzbWBGFB9a0QD5BAWOngSv8LoVWznFPLvjkr168WcRTBATgCFeCAc1AH16ABmgCDO/AAnsCzcW88Gi/G67y1YCxm9sE3GG+fRLuWdQ==</latexit>



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


Integrating out each particle gives a ray 
within the cone


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


ER corresponds to one-particle SM extension!


From which all UV models can be 
generated.


Heuristically,


An ER is an almost “unique” UV.


Points closer to an ER has less arbitrariness in 
UV determination.


Similarly hold for edge, facets… or in general, 
a k-face, i.e. face of dim-k.


UV-model ordered in complexity in this view.

~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)

Roughly, points on a k-face  
correspond to ~k UV particles
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~C↵ = (C1, C2, ...)
<latexit sha1_base64="ETP5VZ75/aTOTIJ0FctfMdL/468=">AAACBXicjVDLSsNAFJ3UV62vqEtdDBahQglJFXQjFLNxWcE+oAlhMp20QyeTMDMplNCNG3/FjQtF3PoP7vwbp4+FioIHLhzOuZd77wlTRqWy7Q+jsLS8srpWXC9tbG5t75i7ey2ZZAKTJk5YIjohkoRRTpqKKkY6qSAoDhlph0N36rdHREia8Fs1Tokfoz6nEcVIaSkwD70Rwbk7CTzE0gG6rLiBU3WDWtWyrJPALDuWPQP8m5TBAo3AfPd6Cc5iwhVmSMquY6fKz5FQFDMyKXmZJCnCQ9QnXU05ion089kXE3islR6MEqGLKzhTv07kKJZyHIe6M0ZqIH96U/E3r5up6MLPKU8zRTieL4oyBlUCp5HAHhUEKzbWBGFB9a0QD5BAWOngSv8LoVWznFPLvjkr168WcRTBATgCFeCAc1AH16ABmgCDO/AAnsCzcW88Gi/G67y1YCxm9sE3GG+fRLuWdQ==</latexit>

Two interesting directions:

1. Bounds can be derived from by 

enumerating all the ERs

2. ERs <-> UV states. In particular, an 

ER has a “unique” UV completion.



Finding bounds



The “extremal positivity” bounds
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The conventional elastic approach:

Inequality rep. A convex cone is 
the set of points satisfying a 
number of linear inequalities, each 
representing a facet.

Some of these facets are positivity 
bounds

The extremal approach:

Extremal representation. A convex 
cone is the set of points positively 
generated from a number of rays, 
each representing an edge.

The extremal rays are just all 
one particle extensions

[CZ and S.-Y. Zhou 2005.03047]

“Vertex enumeration”

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

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

But elastic bounds are not complete.
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To formulate this approach, symmetries of the system help  
[see also 1405.2960 Bellazzini et al.] (We will also discuss cases without 
symmetries)


Make use of symmetries of the problem (SM symmetries, helicities)


Dispersion relation:  
 

Becomes:  
 

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

The generators are simply (subset of) 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>

i(j|k|l): j,l symmetrized

<latexit sha1_base64="1ygvjV8y91QsRiXJfyzD1K0ZQzQ="></latexit>

P ijkl
r =

X

↵

Cr,↵
i,j

⇣
Cr,↵

k,l

⌘⇤

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>
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Computing all P’s, and applying vertex 
enumeration leads to, in principle, the  
best constraints.  

Difficulty arises if an infinite number of P’s  
are present… (due to degenerate irreps)

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>



Toy example: WW->WW
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>

+ the dim-6 WWW operator

<latexit sha1_base64="gJJSLp7l4gggwGKQ6d1Pl5pUtWE="></latexit>

P 1
↵��� =

1

N
�↵����, P 2

↵��� =
1

2
(�↵���� � �↵����) ,

P 3
↵��� =

1

2
(�↵���� + �↵����)�

1

N
�↵����,

Projectors are:

N=3 for SU(2) adj., N=2 for polarization


Combine both groups and cross (j<->l)


9 (symmetrized) projectors, 5 are independent, 8 are extremal.


5 D polyhedral cone with 8 edges and 9 (4D-)faces (which are bounds)


Numbers of 1-, 2-, 3-, and 4-faces: 8, 21, 22, 9



After mapping to operators:
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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Toy example: WW->WW

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>

(Other channels are not independent)

To be compared with the bounds obtained from elastic and superpositions
uivju⇤kv⇤lM ijkl � 0

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



Towards full set of aQGC bounds
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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>

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

<latexit sha1_base64="XRvJMKmGo5Sav0+wpoWnFfJTvzU="></latexit>

OS,0 = [(Dµ�)†D⌫�]⇥ [(Dµ�)†D⌫�]
OS,1 = [(Dµ�)†Dµ�]⇥ [(D⌫�)†D⌫�]
OS,2 = [(Dµ�)†D⌫�]⇥ [(D⌫�)†Dµ�]

OM,0 = Tr
h
Ŵµ⌫Ŵ

µ⌫
i
⇥
⇥
(D��)†D��

⇤

OM,1 = Tr
h
Ŵµ⌫Ŵ

⌫�
i
⇥

⇥
(D��)†Dµ�

⇤

OM,2 =
h
B̂µ⌫B̂

µ⌫
i
⇥
⇥
(D��)†D��

⇤

OM,3 =
h
B̂µ⌫B̂

⌫�
i
⇥

⇥
(D��)†Dµ�

⇤

OM,4 =
h
(Dµ�)†Ŵ�⌫D

µ�
i
⇥ B̂�⌫

OM,5 = 1
2

h
(Dµ�)†Ŵ�⌫D

⌫�
i
⇥ B̂�µ + h.c.

OM,7 =
h
(Dµ�)†Ŵ�⌫Ŵ

�µD⌫�
i

<latexit sha1_base64="XRvJMKmGo5Sav0+wpoWnFfJTvzU="></latexit>

OS,0 = [(Dµ�)†D⌫�]⇥ [(Dµ�)†D⌫�]
OS,1 = [(Dµ�)†Dµ�]⇥ [(D⌫�)†D⌫�]
OS,2 = [(Dµ�)†D⌫�]⇥ [(D⌫�)†Dµ�]

OM,0 = Tr
h
Ŵµ⌫Ŵ

µ⌫
i
⇥
⇥
(D��)†D��

⇤

OM,1 = Tr
h
Ŵµ⌫Ŵ

⌫�
i
⇥

⇥
(D��)†Dµ�

⇤

OM,2 =
h
B̂µ⌫B̂

µ⌫
i
⇥
⇥
(D��)†D��

⇤

OM,3 =
h
B̂µ⌫B̂

⌫�
i
⇥

⇥
(D��)†Dµ�

⇤

OM,4 =
h
(Dµ�)†Ŵ�⌫D

µ�
i
⇥ B̂�⌫

OM,5 = 1
2

h
(Dµ�)†Ŵ�⌫D

⌫�
i
⇥ B̂�µ + h.c.

OM,7 =
h
(Dµ�)†Ŵ�⌫Ŵ

�µD⌫�
i



Towards full set of aQGC bounds
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fM,6 Redundant

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC#aQGC_Results
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Need to consider an infinite set of (j-l symmetrized) projectors (due to degenerate 
irreps), 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>

The question is similar in that we 
need to find the conical hull of all 
these vectors, but different in that 
these vectors are continuously 
parameterized by some real 
parameter r.

Transversal aQGC
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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 QGC parameter space is 
constrained to 0.687% of the total! 
(Still conservative)

[2009.04490, K. Yamashita, CZ, S.-Y. Zhou]

0.69%



Connecting geometry and UV physics

[CZ and S.-Y. Zhou 2005.03047]

H

H

?
= +



3 HHHH operators  
 
 

HH can form 6 projectors.


Each can be generated by integrating 
out one specific UV state.

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>

6 projectors, 3 are linearly 
independent, 3 are extremal

Let’s call these particles 
1, 1S, 1A, 3, 3S, 3A<latexit sha1_base64="tbqunA4cyb27IrULW01XyylrzMQ="></latexit>

OS,0 = [(Dµ�)
†D⌫�]⇥ [(Dµ�)†D⌫�]

OS,1 = [(Dµ�)
†Dµ�]⇥ [(D⌫�)

†D⌫�]

OS,2 = [(Dµ�)
†D⌫�]⇥ [(D⌫�)†Dµ�]

Cross 
section

11S

1A

3A

3S

3

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



Cross 
section

11S

1A

3A

3S

3

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

How to infer UV state from the 
measured coefficients C=(C1,C2,…)


If C = ER => UV is uniquely 
determined.


The closer C is to an ER, the less 
arbitrariness in the determination.

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>

Let’s call these particles 
1, 1S, 1A, 3, 3S, 3A

6 projectors, 3 are linearly 
independent, 3 are extremal



11S

1A

3A

3S
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Setting upper limits on the contribution of specific UV states:

~C1
<latexit sha1_base64="R1tSvn3rkIB0TlESbI1YJeIudPc=">AAAB73icjVDLSgNBEOyNrxhfqx69DAbBU9hVQY/BXDxGMA9IljA76U2GzM6uM7OBsOQnvHhQxKu/482/cfI4qChY0FBUddPdFaaCa+N5H05hZXVtfaO4Wdra3tndc/cPmjrJFMMGS0Si2iHVKLjEhuFGYDtVSONQYCsc1WZ+a4xK80TemUmKQUwHkkecUWOldneMjNR6fs8t+xVvDvI3KcMS9Z773u0nLItRGiao1h3fS02QU2U4EzgtdTONKWUjOsCOpZLGqIN8fu+UnFilT6JE2ZKGzNWvEzmNtZ7Eoe2MqRnqn95M/M3rZCa6CnIu08ygZItFUSaIScjsedLnCpkRE0soU9zeStiQKsqMjaj0vxCaZxX/vOLdXpSr18s4inAEx3AKPlxCFW6gDg1gIOABnuDZuXcenRfnddFacJYzh/ANztsnH9+PXA==</latexit>

~C
exp

=
X

i

�i
~Ci, �i � 0

<latexit sha1_base64="Ux1UwXxD9i0XM28q/yBrsJlBYek=">AAACLHicjVDLSgMxFM3UV62vUZdugkVwIWWqgm6EYjcuK9gHdMqQydy2ocnMmGSKZegHufFXBHFhEbd+h5m24AMFDwQO55yb5B4/5kxpx5lYuYXFpeWV/GphbX1jc8ve3mmoKJEU6jTikWz5RAFnIdQ10xxasQQifA5Nf1DN/OYQpGJReKNHMXQE6YWsyyjRRvLsqjsEiqueK4juS5HCXTzGF9hVifAYdrm5KSAZm8XYkXubkODTcHvgeHaxXHKmwH+TIpqj5tlPbhDRRECoKSdKtctOrDspkZpRDuOCmyiICR2QHrQNDYkA1Umny47xgVEC3I2kOaHGU/XrREqEUiPhm2S2k/rpZeJvXjvR3fNOysI40RDS2UPdhGMd4aw5HDAJVPORIYRKZv6KaZ9IQrXpt/C/EhrHpfJJybk+LVYu53Xk0R7aR4eojM5QBV2hGqojiu7RI3pBE+vBerZerbdZNGfNZ3bRN1jvHyLpp4Q=</latexit>

~C
exp

� �~C
1

=
X

i 6=1

�i
~Ci + (�

1

� �) ~C
1

<latexit sha1_base64="OXvfwluwmKbUocr+vNV9ab741w8="></latexit>

is an upper bound of �1
<latexit sha1_base64="ngmVIO549hGsBCWdHQ/Xnx7bkHk=">AAACDnicjVDLSgMxFM34rPU16tJNsBRclRkVdFl047KCfUA7DJlMpg3NJCEPsQz9Ajf+ihsXirh17c6/MX0sVBQ8cOFwzr03uSeRjGoTBB/ewuLS8spqaa28vrG5te3v7La0sAqTJhZMqE6CNGGUk6ahhpGOVATlCSPtZHgx8ds3RGkq+LUZSRLlqM9pRjEyTor9ai9PxG1BNUQcWimJgomwPIUig+Mec4tSFIexXwlrwRTwb1IBczRi/72XCmxzwg1mSOtuGEgTFUgZihkZl3tWE4nwEPVJ11GOcqKjYnrOGFadksJMKFfcwKn6daJAudajPHGdOTID/dObiL95XWuys6igXFpDOJ49lFkGjYCTbGBKFcGGjRxBWFH3V4gHSCFsXILl/4XQOqqFx7Xg6qRSP5/HUQL74AAcghCcgjq4BA3QBBjcgQfwBJ69e+/Re/FeZ60L3nxmD3yD9/YJstCb3Q==</latexit>

The maximum � such that

~C
exp

� �~C
1

2 conv ({Ci})
<latexit sha1_base64="cj7mJx+Gxn+Tyx8NkQJQxySNK8A="></latexit>

How:
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~C
exp

<latexit sha1_base64="LvaAGRmYCcfSEEl2JgDmvl4wxH4=">AAAB/HicjVDLSsNAFJ3UV62vaJduBovgqiQq6LLYjcsK9gFtCJPpTTt0Mgkzk2II9VfcuFDErR/izr9x0nahouCBC4dz7uUeTpBwprTjfFilldW19Y3yZmVre2d3z94/6Kg4lRTaNOax7AVEAWcC2pppDr1EAokCDt1g0iz87hSkYrG41VkCXkRGgoWMEm0k364OpkBx0x9ERI9llMNdMvPtmlt35sB/kxpaouXb74NhTNMIhKacKNV3nUR7OZGaUQ6zyiBVkBA6ISPoGypIBMrL5+Fn+NgoQxzG0ozQeK5+vchJpFQWBWazyKh+eoX4m9dPdXjp5UwkqQZBF4/ClGMd46IJPGQSqOaZIYRKZrJiOiaSUG36qvyvhM5p3T2rOzfntcbVso4yOkRH6AS56AI10DVqoTaiKEMP6Ak9W/fWo/VivS5WS9bypoq+wXr7BO4ilPQ=</latexit>

~C
exp

� �~C
1

<latexit sha1_base64="qkpQ4IAKLxVcr4L/xXgBE5C6M3s=">AAACDXicjVDLSsNAFJ3UV62vqEs3g1VwY0lU0GWxG5cV7AOaECaT23bo5MHMpFhCf8CNv+LGhSJu3bvzb5y0WagoeODC4Zx7Z+49fsKZVJb1YZQWFpeWV8qrlbX1jc0tc3unLeNUUGjRmMei6xMJnEXQUkxx6CYCSOhz6PijRu53xiAki6MbNUnADckgYn1GidKSZx44Y6C44TkhUUMRZnCbTI8drh8ICC482zOrds2aAf9NqqhA0zPfnSCmaQiRopxI2bOtRLkZEYpRDtOKk0pICB2RAfQ0jUgI0s1m10zxoVYC3I+Frkjhmfp1IiOhlJPQ15350vKnl4u/eb1U9S/cjEVJqiCi84/6Kccqxnk0OGACqOITTQgVTO+K6ZAIQpUOsPK/ENonNfu0Zl2fVeuXRRxltIf20RGy0TmqoyvURC1E0R16QE/o2bg3Ho0X43XeWjKKmV30DcbbJ479mzU=</latexit>

<latexit sha1_base64="ggMxYHHjU6BnN3S0rP44dXCh9d8="></latexit>✓
�i /

g2i
M4

i

represents the magnitude of a UV state contribution

◆
represents the size of UV state contribution

<latexit sha1_base64="ggMxYHHjU6BnN3S0rP44dXCh9d8="></latexit>✓
�i /

g2i
M4

i

represents the magnitude of a UV state contribution

◆
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1A

3A

3S

3

Setting lower limits on the contribution of specific UV states:

~C
exp

<latexit sha1_base64="LvaAGRmYCcfSEEl2JgDmvl4wxH4=">AAAB/HicjVDLSsNAFJ3UV62vaJduBovgqiQq6LLYjcsK9gFtCJPpTTt0Mgkzk2II9VfcuFDErR/izr9x0nahouCBC4dz7uUeTpBwprTjfFilldW19Y3yZmVre2d3z94/6Kg4lRTaNOax7AVEAWcC2pppDr1EAokCDt1g0iz87hSkYrG41VkCXkRGgoWMEm0k364OpkBx0x9ERI9llMNdMvPtmlt35sB/kxpaouXb74NhTNMIhKacKNV3nUR7OZGaUQ6zyiBVkBA6ISPoGypIBMrL5+Fn+NgoQxzG0ozQeK5+vchJpFQWBWazyKh+eoX4m9dPdXjp5UwkqQZBF4/ClGMd46IJPGQSqOaZIYRKZrJiOiaSUG36qvyvhM5p3T2rOzfntcbVso4yOkRH6AS56AI10DVqoTaiKEMP6Ak9W/fWo/VivS5WS9bypoq+wXr7BO4ilPQ=</latexit>

~C1
<latexit sha1_base64="R1tSvn3rkIB0TlESbI1YJeIudPc=">AAAB73icjVDLSgNBEOyNrxhfqx69DAbBU9hVQY/BXDxGMA9IljA76U2GzM6uM7OBsOQnvHhQxKu/482/cfI4qChY0FBUddPdFaaCa+N5H05hZXVtfaO4Wdra3tndc/cPmjrJFMMGS0Si2iHVKLjEhuFGYDtVSONQYCsc1WZ+a4xK80TemUmKQUwHkkecUWOldneMjNR6fs8t+xVvDvI3KcMS9Z773u0nLItRGiao1h3fS02QU2U4EzgtdTONKWUjOsCOpZLGqIN8fu+UnFilT6JE2ZKGzNWvEzmNtZ7Eoe2MqRnqn95M/M3rZCa6CnIu08ygZItFUSaIScjsedLnCpkRE0soU9zeStiQKsqMjaj0vxCaZxX/vOLdXpSr18s4inAEx3AKPlxCFW6gDg1gIOABnuDZuXcenRfnddFacJYzh/ANztsnH9+PXA==</latexit>

~C
exp

=
X

i

�i
~Ci, �i � 0

<latexit sha1_base64="Ux1UwXxD9i0XM28q/yBrsJlBYek=">AAACLHicjVDLSgMxFM3UV62vUZdugkVwIWWqgm6EYjcuK9gHdMqQydy2ocnMmGSKZegHufFXBHFhEbd+h5m24AMFDwQO55yb5B4/5kxpx5lYuYXFpeWV/GphbX1jc8ve3mmoKJEU6jTikWz5RAFnIdQ10xxasQQifA5Nf1DN/OYQpGJReKNHMXQE6YWsyyjRRvLsqjsEiqueK4juS5HCXTzGF9hVifAYdrm5KSAZm8XYkXubkODTcHvgeHaxXHKmwH+TIpqj5tlPbhDRRECoKSdKtctOrDspkZpRDuOCmyiICR2QHrQNDYkA1Umny47xgVEC3I2kOaHGU/XrREqEUiPhm2S2k/rpZeJvXjvR3fNOysI40RDS2UPdhGMd4aw5HDAJVPORIYRKZv6KaZ9IQrXpt/C/EhrHpfJJybk+LVYu53Xk0R7aR4eojM5QBV2hGqojiu7RI3pBE+vBerZerbdZNGfNZ3bRN1jvHyLpp4Q=</latexit>

~C
exp

� �~C
1

=
X

i 6=1

�i
~Ci + (�

1

� �) ~C
1

<latexit sha1_base64="OXvfwluwmKbUocr+vNV9ab741w8="></latexit>

The minimum � such that

~C
exp

� �~C
1

2 conv ({Ci, i 6= 1})
<latexit sha1_base64="ggtpEZEFSl7teQUNikZf7BbgE68="></latexit>

is a lower bound of �1
<latexit sha1_base64="08k/REuppnWSDfSw+YSFBzraq6w=">AAACDXicjVC7SgNBFJ2Nrxhfq5Y2g1GwCrsqaBm0sYxgHpBdltnZ2WTIPJaZWTUs+QEbf8XGQhFbezv/xsmjUFHwwIXDOffemXvijFFtPO/DKc3NLywulZcrK6tr6xvu5lZLy1xh0sSSSdWJkSaMCtI01DDSyRRBPGakHQ/Ox377mihNpbgyw4yEHPUETSlGxkqRuxfwWN4WVEMEmbwhCsYyFwmUKRwFzO5JUORHbtWveRPAv0kVzNCI3PcgkTjnRBjMkNZd38tMWCBlKGZkVAlyTTKEB6hHupYKxIkOi8k1I7hvlQSmUtkSBk7UrxMF4loPeWw7OTJ9/dMbi7953dykp2FBRZYbIvD0oTRn0Eg4jgYmVBFs2NAShBW1f4W4jxTCxgZY+V8IrcOaf1TzLo+r9bNZHGWwA3bBAfDBCaiDC9AATYDBHXgAT+DZuXcenRfnddpacmYz2+AbnLdP0smbYg==</latexit>

How:

~C
exp

� �~C
1

<latexit sha1_base64="qkpQ4IAKLxVcr4L/xXgBE5C6M3s=">AAACDXicjVDLSsNAFJ3UV62vqEs3g1VwY0lU0GWxG5cV7AOaECaT23bo5MHMpFhCf8CNv+LGhSJu3bvzb5y0WagoeODC4Zx7Z+49fsKZVJb1YZQWFpeWV8qrlbX1jc0tc3unLeNUUGjRmMei6xMJnEXQUkxx6CYCSOhz6PijRu53xiAki6MbNUnADckgYn1GidKSZx44Y6C44TkhUUMRZnCbTI8drh8ICC482zOrds2aAf9NqqhA0zPfnSCmaQiRopxI2bOtRLkZEYpRDtOKk0pICB2RAfQ0jUgI0s1m10zxoVYC3I+Frkjhmfp1IiOhlJPQ15350vKnl4u/eb1U9S/cjEVJqiCi84/6Kccqxnk0OGACqOITTQgVTO+K6ZAIQpUOsPK/ENonNfu0Zl2fVeuXRRxltIf20RGy0TmqoyvURC1E0R16QE/o2bg3Ho0X43XeWjKKmV30DcbbJ479mzU=</latexit>
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<latexit sha1_base64="ggMxYHHjU6BnN3S0rP44dXCh9d8="></latexit>✓
�i /

g2i
M4

i

represents the magnitude of a UV state contribution

◆
represents the size of UV state contribution

<latexit sha1_base64="ggMxYHHjU6BnN3S0rP44dXCh9d8="></latexit>✓
�i /

g2i
M4

i

represents the magnitude of a UV state contribution

◆



Positivity is not simply a bound on the coefficients. It also 
tells us helps to determine UV from EFT.


Alternatively, the origin is also an extreme point! Which 
means we can “uniquely” confirm SM.

Important for precision test of SM!


Dim-6: no deviation observed -> UV 
states may still exist (e.g. 
symmetries, [2008.07551 Gu & Wang])


Dim-6 is never sufficient to 
confirm the SM!


Dim-8: no deviation observed -> UV 
states cannot exist. SM can be 
confirmed.

C1

C2
C3

C4

Dim-6 coefs generated 
by each UV state:  
not in a cone

<latexit sha1_base64="RSHbTY5OSmBzS+waF5NJ6Ic8gU4=">AAACAXicjVDLSsNAFL3xWesr6kZwM1gEVyURRTdCsRuXFewDmhAmk0k7dDIJM5NCCXXjr7hxoYhb/8Kdf+P0sVBR8MCFwzn3MHNPmHGmtON8WAuLS8srq6W18vrG5ta2vbPbUmkuCW2SlKeyE2JFORO0qZnmtJNJipOQ03Y4qE/89pBKxVJxq0cZ9RPcEyxmBGsjBfa+p/IEedwkIhwwb0gJqgfs0gnsilt1pkB/kwrM0Qjsdy9KSZ5QoQnHSnVdJ9N+gaVmhNNx2csVzTAZ4B7tGipwQpVfTC8YoyOjRChOpRmh0VT9mihwotQoCc1mgnVf/fQm4m9eN9fxhV8wkeWaCjJ7KM450ima1IEiJinRfGQIJpKZvyLSxxITbUor/6+E1knVPas6N6eV2tW8jhIcwCEcgwvnUINraEATCNzBAzzBs3VvPVov1utsdcGaZ/bgG6y3T1gvlio=</latexit>X
�i

~Ci = 0 does not imply all
<latexit sha1_base64="w91V01RfE8DqsqnECHOUE0NtTxk=">AAAB8nicjVDLSsNAFL2pr1pfVZduBovgqiSi6EYounFZwT4gDWUymbRDJ5MwcyOU0M9w40IRt36NO//G6WOhouCBgcM553LvnDCTwqDrfjilpeWV1bXyemVjc2t7p7q71zZprhlvsVSmuhtSw6VQvIUCJe9mmtMklLwTjq6nfueeayNSdYfjjAcJHSgRC0bRSn5P2mhE++LS7VdrXt2dgfxNarBAs19970UpyxOukElqjO+5GQYF1SiY5JNKLzc8o2xEB9y3VNGEm6CYnTwhR1aJSJxq+xSSmfp1oqCJMeMktMmE4tD89Kbib56fY3wRFEJlOXLF5oviXBJMyfT/JBKaM5RjSyjTwt5K2JBqytC2VPlfCe2TundWd29Pa42rRR1lOIBDOAYPzqEBN9CEFjBI4QGe4NlB59F5cV7n0ZKzmNmHb3DePgG32pDh</latexit>

�i = 0

C1 C2

C3

Dim-8 coefs generated 
by each UV state

<latexit sha1_base64="RSHbTY5OSmBzS+waF5NJ6Ic8gU4=">AAACAXicjVDLSsNAFL3xWesr6kZwM1gEVyURRTdCsRuXFewDmhAmk0k7dDIJM5NCCXXjr7hxoYhb/8Kdf+P0sVBR8MCFwzn3MHNPmHGmtON8WAuLS8srq6W18vrG5ta2vbPbUmkuCW2SlKeyE2JFORO0qZnmtJNJipOQ03Y4qE/89pBKxVJxq0cZ9RPcEyxmBGsjBfa+p/IEedwkIhwwb0gJqgfs0gnsilt1pkB/kwrM0Qjsdy9KSZ5QoQnHSnVdJ9N+gaVmhNNx2csVzTAZ4B7tGipwQpVfTC8YoyOjRChOpRmh0VT9mihwotQoCc1mgnVf/fQm4m9eN9fxhV8wkeWaCjJ7KM450ima1IEiJinRfGQIJpKZvyLSxxITbUor/6+E1knVPas6N6eV2tW8jhIcwCEcgwvnUINraEATCNzBAzzBs3VvPVov1utsdcGaZ/bgG6y3T1gvlio=</latexit>X
�i

~Ci = 0 does imply all
<latexit sha1_base64="w91V01RfE8DqsqnECHOUE0NtTxk=">AAAB8nicjVDLSsNAFL2pr1pfVZduBovgqiSi6EYounFZwT4gDWUymbRDJ5MwcyOU0M9w40IRt36NO//G6WOhouCBgcM553LvnDCTwqDrfjilpeWV1bXyemVjc2t7p7q71zZprhlvsVSmuhtSw6VQvIUCJe9mmtMklLwTjq6nfueeayNSdYfjjAcJHSgRC0bRSn5P2mhE++LS7VdrXt2dgfxNarBAs19970UpyxOukElqjO+5GQYF1SiY5JNKLzc8o2xEB9y3VNGEm6CYnTwhR1aJSJxq+xSSmfp1oqCJMeMktMmE4tD89Kbib56fY3wRFEJlOXLF5oviXBJMyfT/JBKaM5RjSyjTwt5K2JBqytC2VPlfCe2TundWd29Pa42rRR1lOIBDOAYPzqEBN9CEFjBI4QGe4NlB59F5cV7n0ZKzmNmHb3DePgG32pDh</latexit>

�i = 0

 44



Pheno application?

 45

[2009.02212, B. Fuks, Y. Liu, CZ, S.-Y. Zhou]



The inverse problem in ee scattering

Does this work in reality? Consider e+e- -> e+e- as an example.  
 
 
 
 

Operators

Oee = (ē�µe) (ē�µe) ,

Oel = (ē�µe) (l̄�µl) ,

Oll = (l̄�µl) (l̄�µl) ,
<latexit sha1_base64="fHxnjJC5B5SjcAPMYfM2tCI2Ies="></latexit>

O1 = @↵(ē�µe)@↵(ē�µe) ,

O2 = @↵(ē�µe)@↵(l̄�µl) ,

O3 = D↵(ēl) D↵(l̄e),

O4 = @↵(l̄�µl) @↵(l̄�µl) ,

O5 = D↵(l̄�µ⌧ I l) D↵(l̄�µ⌧
I l) ,

<latexit sha1_base64="TfPytRHujSeLHa+7nQEgAaouFck="></latexit>

Dim-6 Dim-8
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Only 4 are 
independent  

in ee>ee



Consider the following UV states that couple to two electrons:

Lint = gDiL̄eDi + gMLiL̄
c✏LMLi + gMRiē

ceMRi

+ gV i

⇣
L̄�µL+ iē�

µe
⌘
Viµ + gV 0i(ē

c�µL)V 0†
i

+ h.c.,
<latexit sha1_base64="KbS3Vs6gzhyxRfFwGcPLVBA++68="></latexit>

Each particle specie, X, generates some coefficients (C1,C2,C3,C4)


For example, type D (Dirac-type scalar coupling)

<latexit sha1_base64="wKPxcaepKYJzKcMdKs6Y7dFsCmY=">AAACA3icbZDLSgMxGIUz9VbrbdSdboJFaKGUjCgWRCjqwmUFe4HOOGTSTBuayQxJplCGghtfxY0LRdz6Eu58G6cXRKsHAofv/D9JjhdxpjRCn0ZmYXFpeSW7mltb39jcMrd3GiqMJaF1EvJQtjysKGeC1jXTnLYiSXHgcdr0+pfjvDmgUrFQ3OphRJ0AdwXzGcE6Ra65Zw8ogcS9ukvss0KlODovoBIqWSVUdM28VUYTwW+D5kkezFRzzQ+7E5I4oEITjpVqWyjSToKlZoTTUc6OFY0w6eMubadW4IAqJ5n8YQQPU9KBfijTIzSc0J8bCQ6UGgZeOhlg3VPz2Rj+l7Vj7VechIko1lSQ6UV+zKEO4bgQ2GGSEs2HqcFEsvStkPSwxESnteX+LeGPaRyVrZMyujnOVy9mdWTBPjgABWCBU1AF16AG6oCAe/AInsGL8WA8Ga/G23Q0Y8x2dsEvGe9fWvCUvg==</latexit>

~c (8)
D = (0, 0, 1, 0)

const. vector

(these are the 
“projectors”)

<latexit sha1_base64="cbM/FnldV1NHCrMKTii1qJH7/FM=">AAACD3icbZDLSgMxGIUzXmu9jbp0EyxK3ZSpKBZEKLYLlxXsBTrjkEkzbWjmQpKplGHewI2v4saFIm7duvNtzEyLaO2BwOE7/0+S44SMCmkYX9rC4tLyympuLb++sbm1re/stkQQcUyaOGAB7zhIEEZ90pRUMtIJOUGew0jbGdbSvD0iXNDAv5XjkFge6vvUpRhJhWz9yBwRDGt2/S4uVo4TeAnv7bieZBSn1LxIua0XyiUjE/wxxiwpgKkatv5p9gIcecSXmCEhumUjlFaMuKSYkSRvRoKECA9Rn3SV9ZFHhBVn/0ngoSI96AZcHV/CjP7eiJEnxNhz1KSH5EDMZimcl3Uj6VasmPphJImPJxe5EYMygGk5sEc5wZKNlUGYU/VWiAeIIyxVhfm5JfwzrZNS+axk3JwWqlfTOnJgHxyAIiiDc1AF16ABmgCDB/AEXsCr9qg9a2/a+2R0QZvu7IE/0j6+AYX8mnE=</latexit>

~C(8)
D = wD~c

(8)
D

<latexit sha1_base64="m12ksJqzZ4bEsRx7qdvj/nr7jLw=">AAAB7nicjVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WOpF48V7Ac0oWy2m3TpZhN2J0IJ/RFePCji1d/jzX/j9uOgouCDgcd7M8zMCzMpDLruh1NaWV1b3yhvVra2d3b3qvsHHZPmmvE2S2WqeyE1XArF2yhQ8l6mOU1Cybvh+Hrmd++5NiJVdzjJeJDQWIlIMIpW6vpNEcf+dFCteXV3DvI3qcESrUH13R+mLE+4QiapMX3PzTAoqEbBJJ9W/NzwjLIxjXnfUkUTboJifu6UnFhlSKJU21JI5urXiYImxkyS0HYmFEfmpzcTf/P6OUZXQSFUliNXbLEoyiXBlMx+J0OhOUM5sYQyLeythI2opgxtQpX/hdA5q3sXdff2vNZoLuMowxEcwyl4cAkNuIEWtIHBGB7gCZ6dzHl0XpzXRWvJWc4cwjc4b58q/o91</latexit>)
<latexit sha1_base64="1tXSnHCPGI2IYnVv38xZXNy2/C4="></latexit>

D1 : ~c (8)
D1

=
g2D1

M4
D1

(0, 0, 1, 0)

D2 : ~c (8)
D2

=
g2D2

M4
D2

(0, 0, 1, 0)

Dn : ~c (8)
Dn

=
g2Dn

M4
Dn

(0, 0, 1, 0)
<latexit sha1_base64="EHzrledwk+P8sIUgJmqqU07xsj4=">AAACDnicbZBNS8MwHMbT+TbnW9Wjl+IYeBrtmOhFGLqDF2GCe4GtljRLt7AkLUmqjNJP4MWv4sWDIl49e/PbmG1FdO6BwI/n+f9J8vgRJVLZ9peRW1peWV3Lrxc2Nre2d8zdvZYMY4FwE4U0FB0fSkwJx01FFMWdSGDIfIrb/uhikrfvsJAk5DdqHGGXwQEnAUFQacszS/de/awnY+aRXiAgSgZeUvdIeltJk6sMq6lnFp2yPZX1A/a8UwSZGp752euHKGaYK0ShlF3HjpSbQKEIojgt9GKJI4hGcIC7GjlkWLrJ9DupVdJO3wpCoQ9X1tT9vZFAJuWY+XqSQTWU89nEXJR1YxWcugnhUawwR7OLgphaKrQm3Vh9IjBSdKwBIkH0Wy00hLoVpRssLCzhH7QqZee4bF9Xi7XzrI48OACH4Ag44ATUwCVogCZA4AE8gRfwajwaz8ab8T4bzRnZzj74I+PjG57TnHc=</latexit>

wD =
X

i

g2Di

M4
Di

“weight” of D
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~c (8)
D = (0, 0, 1, 0), ~c (8)

ML
= (0, 0, 0,�1),

~c (8)
MR

= (�1, 0, 0, 0), ~c (8)
V 0 = (0, 0,�1, 2),

~c (8)
V () = (�2/2,�, 0,�1/2).

<latexit sha1_base64="TdOwGIpaFmcGM9tXvBNi9Aq4GN0="></latexit>

In total, we have 5 constant vectors (or an infinite set of, as kappa is free),  
and 5 positive weights

<latexit sha1_base64="+V991o8BazbR+jaafCrNqWp4pTA=">AAACEHicbZBNS8MwHMbT+TbnW9Wjl+AQPY1uTPQiDL14ESa4rbDWkmZpF5amJUmVUfoRvPhVvHhQxKtHb34bsxdE5x4I/Hie/58kj58wKpVlfRmFhcWl5ZXiamltfWNzy9zeacs4FZi0cMxiYftIEkY5aSmqGLETQVDkM9LxBxejvHNHhKQxv1HDhLgRCjkNKEZKW555eO/ZZ45MI486gUA4C73MpvltLc+uJlTPnZBYnlmuVqyx4A9Ys04ZTNX0zE+nF+M0IlxhhqTsVq1EuRkSimJG8pKTSpIgPEAh6WrkKCLSzcYfyuGBdnowiIU+XMGx+3sjQ5GUw8jXkxFSfTmbjcx5WTdVwambUZ6kinA8uShIGVQxHLUDe1QQrNhQA8KC6rdC3Ee6F6U7LM0t4R+0a5XqccW6rpcb59M6imAP7IMjUAUnoAEuQRO0AAYP4Am8gFfj0Xg23oz3yWjBmO7sgj8yPr4BUEydYQ==</latexit>

wX =
X

i

g2Xi

M4
Xi

� 0

Tree level positivity is simply the conical hull of the above vectors.
<latexit sha1_base64="uchz40SHDGAxlo5Fb5QtqcBtlMg="></latexit>

~C(8)
=

X

X

wX~c
(8)
X 2 cone

⇣n

~c8)X

o⌘

Plot the 4D cone by its 3D cross section (ERs become extreme points)
Full positivity Green: tree level positivity
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Now positivity allows to go from EFT to UV spectrum. The goal is to determine all 
the weights     in                  .


Naively, we expect something like

ML MR D D' V' V

<latexit sha1_base64="RTjCNNxJcGJ+ljWatDkVXr9+rvY=">AAAB+HicjVDLSgMxFL1TX7U+OurSTbAIdVOmouiy6MZlBfuAdhgyaaYNTSZDktHWoV/ixoUibv0Ud/6N6WOhouCBC4dz7uUeTphwpo3nfTi5peWV1bX8emFjc2u76O7sNrVMFaENIrlU7RBryllMG4YZTtuJoliEnLbC4eXUb91SpZmMb8w4ob7A/ZhFjGBjpcAtdkUoR5nAo0n5LmgfBW6pWvFmQH+TEixQD9z3bk+SVNDYEI617lS9xPgZVoYRTieFbqppgskQ92nH0hgLqv1sFnyCDq3SQ5FUdmKDZurXiwwLrccitJsCm4H+6U3F37xOaqJzP2Nxkhoak/mjKOXISDRtAfWYosTwsSWYKGazIjLAChNjuyr8r4TmcaV6WvGuT0q1i0UdediHAyhDFc6gBldQhwYQSOEBnuDZuXcenRfndb6acxY3e/ANztsnrLCTFw==</latexit>

max(wX)

<latexit sha1_base64="0rawpc+Y6mm8LFd3Em+R3v/4M4M=">AAAB+HicjVDLSsNAFL3xWeujUZdugkWom5KIosuiG5cV7APaECbTSTt0HmFmotbQL3HjQhG3foo7/8bpY6Gi4IELh3Pu5R5OnDKqje9/OAuLS8srq4W14vrG5lbJ3d5papkpTBpYMqnaMdKEUUEahhpG2qkiiMeMtOLhxcRv3RClqRTXZpSSkKO+oAnFyFgpcktdHsu7nFMxrtxG7cPILQdVfwrvb1KGOeqR+97tSZxxIgxmSOtO4KcmzJEyFDMyLnYzTVKEh6hPOpYKxIkO82nwsXdglZ6XSGVHGG+qfr3IEdd6xGO7yZEZ6J/eRPzN62QmOQtzKtLMEIFnj5KMeUZ6kxa8HlUEGzayBGFFbVYPD5BC2Niuiv8roXlUDU6q/tVxuXY+r6MAe7APFQjgFGpwCXVoAIYMHuAJnp1759F5cV5nqwvO/GYXvsF5+wSppJMV</latexit>

min(wX)

Unique

ML MR D D' V' V

Some arbitrariness

ML MR D D' V' V

More arbitrariness
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wX
<latexit sha1_base64="SMEOWmTidrgHdbsnUCNaFBx06cY=">AAAB6nicjVDLSgNBEOz1GeMr6tHLYBA8hV0V9Bj04jGieUCyhNlJbzJkdmaZmVXCkk/w4kERr36RN//GyeOgomBBQ1HVTXdXlApurO9/eAuLS8srq4W14vrG5tZ2aWe3YVSmGdaZEkq3ImpQcIl1y63AVqqRJpHAZjS8nPjNO9SGK3lrRymGCe1LHnNGrZNu7rutbqkcVPwpyN+kDHPUuqX3Tk+xLEFpmaDGtAM/tWFOteVM4LjYyQymlA1pH9uOSpqgCfPpqWNy6JQeiZV2JS2Zql8ncpoYM0oi15lQOzA/vYn4m9fObHwe5lymmUXJZoviTBCryORv0uMamRUjRyjT3N1K2IBqyqxLp/i/EBrHleCk4l+flqsX8zgKsA8HcAQBnEEVrqAGdWDQhwd4gmdPeI/ei/c6a13w5jN78A3e2ydKVY3L</latexit>

<latexit sha1_base64="uchz40SHDGAxlo5Fb5QtqcBtlMg="></latexit>

~C(8)
=

X

X

wX~c
(8)
X 2 cone

⇣n

~c8)X

o⌘



Does this work in reality? In particular with EXP uncertainties? 
Consider a real e+e->e+e- fit, for example, at

Consider CEPC, FCC-ee, ILC, CLIC, assuming 25 bins in cosθ , 1% 
systematic error. A global fit including dim-6/8 operators are carried 
out.
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For the dimension-8 operators, the individual sensitivities range from 
O(1) (CEPC) to O(10) (CLIC) TeV. 


Marginalized bounds are a factor of a few weaker when compared with 
the individual limits. Still, for all scenarios, the corresponding scale is 
sufficiently higher than the collider energy, except for the O1 and O4 
operators in the CEPC and FCC-ee. (Due to an accidental flat direction.)

 51

Dim-8 Dim-6



Example 1: D-type scalar extension, gD = 0.8, MD = 2 TeV
<latexit sha1_base64="MG82QxVUdLAbCwPyR73UC0zsAY0="></latexit>

~C(6)
0 = (0,�0.08, 0) , ~C(8)

0 = (0, 0, 0.04, 0) .

At ILC (extended with 1 TeV run), our global fit gives:
<latexit sha1_base64="xcYA9cHL7qagDUP32nH5KuSddTw="></latexit>

Cee = 0± 0.0024, Cel = �0.08± 0.0035,

Cll = 0± 0.0023,

C1 = 0± 0.0074, C2 = 0± 0.0077,

C3 = 0.04± 0.020, C4 = 0± 0.0071.

What can we learn at dim-6?


If assume the SM is only supplemented by D-type scalar,
<latexit sha1_base64="uu3z4UHFBW0nRHlHNZQaGuSMkwk=">AAACDXicjVDLSsNAFJ3UV62vqEs3g1VwITEprbos2oUboUJbC0kIk+m0HTozCTMTsYT+gBt/xY0LRdy6d+ffmD4WKgoeuHA4517uvSeMGVXatj+M3Nz8wuJSfrmwsrq2vmFubrVUlEhMmjhikWyHSBFGBWlqqhlpx5IgHjJyHQ7Ox/71DZGKRqKhhzHxOeoJ2qUY6UwKzD0IL4PaUS+oeVRAt2SVK4clq3Lse9DjYXSbNkhrFJhFx7IngH+TIpihHpjvXifCCSdCY4aUch071n6KpKaYkVHBSxSJER6gHnEzKhAnyk8n34zgfqZ0YDeSWQkNJ+rXiRRxpYY8zDo50n310xuLv3luorunfkpFnGgi8HRRN2FQR3AcDexQSbBmw4wgLGl2K8R9JBHWWYCF/4XQKllOxbKvysXq2SyOPNgBu+AAOOAEVMEFqIMmwOAOPIAn8GzcG4/Gi/E6bc0Zs5lt8A3G2yfFl5jj</latexit>

MD/gD 2 [2.45, 2.56] TeV

If assume the SM is extend by D and V’,
<latexit sha1_base64="VuVDAKFAbWe08bKvL2eG236dc9I="></latexit>

g2D
2M2

D

� g2V 0

M2
V 0

= 0.08± 0.0035 TeV�2

If assuming more complicated models, not much to be concluded about 
the existence of UV states.

C1

C2
C3

C4

An interpretation of 
dim-6 EFT is useful 
only when we know 
the UV model 
(particle content). 
i.e. in a top-down 
approach.
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What about dim-8?


Putting upper limits on the weight     , the contribution of each particle typewX
<latexit sha1_base64="SMEOWmTidrgHdbsnUCNaFBx06cY=">AAAB6nicjVDLSgNBEOz1GeMr6tHLYBA8hV0V9Bj04jGieUCyhNlJbzJkdmaZmVXCkk/w4kERr36RN//GyeOgomBBQ1HVTXdXlApurO9/eAuLS8srq4W14vrG5tZ2aWe3YVSmGdaZEkq3ImpQcIl1y63AVqqRJpHAZjS8nPjNO9SGK3lrRymGCe1LHnNGrZNu7rutbqkcVPwpyN+kDHPUuqX3Tk+xLEFpmaDGtAM/tWFOteVM4LjYyQymlA1pH9uOSpqgCfPpqWNy6JQeiZV2JS2Zql8ncpoYM0oi15lQOzA/vYn4m9fObHwe5lymmUXJZoviTBCryORv0uMamRUjRyjT3N1K2IBqyqxLp/i/EBrHleCk4l+flqsX8zgKsA8HcAQBnEEVrqAGdWDQhwd4gmdPeI/ei/c6a13w5jN78A3e2ydKVY3L</latexit>
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max of   s.t.
<latexit sha1_base64="Ltg6sQku+2v6JLejsVo8X9HowAw=">AAAB7nicjVDLSgMxFL3js9ZX1aWbYBFclRlRdFl047KCfUA7lEwm04ZmMiG5I5ShH+HGhSJu/R53/o3pY6Gi4IHA4ZxzuTcn0lJY9P0Pb2l5ZXVtvbRR3tza3tmt7O23bJYbxpssk5npRNRyKRRvokDJO9pwmkaSt6PR9dRv33NjRabucKx5mNKBEolgFJ3U7kkXjWm/Ug1q/gzkb1KFBRr9ynsvzliecoVMUmu7ga8xLKhBwSSflHu55ZqyER3wrqOKptyGxezcCTl2SkySzLinkMzUrxMFTa0dp5FLphSH9qc3FX/zujkml2EhlM6RKzZflOSSYEamfyexMJyhHDtCmRHuVsKG1FCGrqHy/0pondaC85p/e1atXy3qKMEhHMEJBHABdbiBBjSBwQge4AmePe09ei/e6zy65C1mDuAbvLdPQnyPhA==</latexit>

�
<latexit sha1_base64="oJAbqTDvoiDEgkkW8JNf3P2WFo4=">AAACHXicjVDLSgMxFM3UV62vUZdugkVwY5lKRZfFblxWsA/olJLJ3GlDM5khyRTLMD/ixl9x40IRF27EvzHTdqGi4IHA4Zxzk5vjxZwp7TgfVmFpeWV1rbhe2tjc2t6xd/faKkokhRaNeCS7HlHAmYCWZppDN5ZAQo9Dxxs3cr8zAalYJG70NIZ+SIaCBYwSbaSBXXMnQHFj4IZEj2SYwm2cnbjcXOATvPDSbuYyMUtQwtNGNrDL1YozA/6blNECzYH95voRTUIQmnKiVK/qxLqfEqkZ5ZCV3ERBTOiYDKFnqCAhqH46+12Gj4zi4yCS5giNZ+rXiZSESk1DzyTzFdVPLxd/83qJDi76KRNxokHQ+UNBwrGOcF4V9pkEqvnUEEIlM7tiOiKSUG0KLf2vhPZppXpWca5r5frloo4iOkCH6BhV0TmqoyvURC1E0R16QE/o2bq3Hq0X63UeLViLmX30Ddb7JyxEopo=</latexit>

~C
exp

� �~CX 2 C
This has EXP err



What about dim-8?


Putting upper limits on the weight     , the contribution of each particle typewX
<latexit sha1_base64="SMEOWmTidrgHdbsnUCNaFBx06cY=">AAAB6nicjVDLSgNBEOz1GeMr6tHLYBA8hV0V9Bj04jGieUCyhNlJbzJkdmaZmVXCkk/w4kERr36RN//GyeOgomBBQ1HVTXdXlApurO9/eAuLS8srq4W14vrG5tZ2aWe3YVSmGdaZEkq3ImpQcIl1y63AVqqRJpHAZjS8nPjNO9SGK3lrRymGCe1LHnNGrZNu7rutbqkcVPwpyN+kDHPUuqX3Tk+xLEFpmaDGtAM/tWFOteVM4LjYyQymlA1pH9uOSpqgCfPpqWNy6JQeiZV2JS2Zql8ncpoYM0oi15lQOzA/vYn4m9fObHwe5lymmUXJZoviTBCryORv0uMamRUjRyjT3N1K2IBqyqxLp/i/EBrHleCk4l+flqsX8zgKsA8HcAQBnEEVrqAGdWDQhwd4gmdPeI/ei/c6a13w5jN78A3e2ydKVY3L</latexit>

Positivity bound
EXP bound
D-type extension (assumed)

 that maximizes 
<latexit sha1_base64="Ltg6sQku+2v6JLejsVo8X9HowAw=">AAAB7nicjVDLSgMxFL3js9ZX1aWbYBFclRlRdFl047KCfUA7lEwm04ZmMiG5I5ShH+HGhSJu/R53/o3pY6Gi4IHA4ZxzuTcn0lJY9P0Pb2l5ZXVtvbRR3tza3tmt7O23bJYbxpssk5npRNRyKRRvokDJO9pwmkaSt6PR9dRv33NjRabucKx5mNKBEolgFJ3U7kkXjWm/Ug1q/gzkb1KFBRr9ynsvzliecoVMUmu7ga8xLKhBwSSflHu55ZqyER3wrqOKptyGxezcCTl2SkySzLinkMzUrxMFTa0dp5FLphSH9qc3FX/zujkml2EhlM6RKzZflOSSYEamfyexMJyhHDtCmRHuVsKG1FCGrqHy/0pondaC85p/e1atXy3qKMEhHMEJBHABdbiBBjSBwQge4AmePe09ei/e6zy65C1mDuAbvLdPQnyPhA==</latexit>

�
<latexit sha1_base64="qi7FkigVvuXWTtugBEy0I7jAjto=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKosdgLh4jmAckS5id9CZjZmeWmdlACPkHLx4U8er/ePNvnDwOKgoWNBRV3XR3Rangxvr+h5dbWV1b38hvFra2d3b3ivsHDaMyzbDOlFC6FVGDgkusW24FtlKNNIkENqNhdeY3R6gNV/LOjlMME9qXPOaMWic1OiNkpNotloKyPwf5m5RgiVq3+N7pKZYlKC0T1Jh24Kc2nFBtORM4LXQygyllQ9rHtqOSJmjCyfzaKTlxSo/ESruSlszVrxMTmhgzTiLXmVA7MD+9mfib185sfBVOuEwzi5ItFsWZIFaR2eukxzUyK8aOUKa5u5WwAdWUWRdQ4X8hNM7KwUXZvz0vVa6XceThCI7hFAK4hArcQA3qwOAeHuAJnj3lPXov3uuiNectZw7hG7y3T/fyjro=</latexit>

~C

V-type extension (to be excluded)

, upper bound for SM+vector

<latexit sha1_base64="bfL2zrWF6wwNr6s5URbRO6izDCo=">AAACGHicjVDLSgMxFM3UV62vUZdugkVwVac+qMuiGzdChb6gU0omvdOGZh4mGbGE+Qw3/oobF4q47c6/MZ12oaLggQsn59zLzT1ezJlUjvNh5RYWl5ZX8quFtfWNzS17e6cpo0RQaNCIR6LtEQmchdBQTHFoxwJI4HFoeaPLqd+6AyFZFNbVOIZuQAYh8xklykg9+whj1xeE6uuebqapduWtUHqQPVJ3APikVHGxG3jRva5DM+3ZxXLJyYD/JkU0R61nT9x+RJMAQkU5kbJTdmLV1UQoRjmkBTeREBM6IgPoGBqSAGRXZ4el+MAofexHwlSocKZ+ndAkkHIceKYzIGoof3pT8Tevkyj/vKtZGCcKQjpb5CccqwhPU8J9JoAqPjaEUMHMXzEdEpOTMlkW/hdC87hUPis5N6fF6sU8jjzaQ/voEJVRBVXRFaqhBqLoAT2hF/RqPVrP1pv1PmvNWfOZXfQN1uQT6nqgUQ==</latexit>

MVp
gV

� 3.7 TeV

Heavy vector is excluded at

<latexit sha1_base64="GpzuqA1Nhhli7lUxo9vypFYw19E=">AAAB/3icjVDLSsNAFJ34rPUVFdy4GSyCG0siii6L3bisYB/QhDCZ3LRDJ5MwMymU2IW/4saFIm79DXf+jdPHQkXBAwNnzrmHezlhxpnSjvNhLSwuLa+sltbK6xubW9v2zm5Lpbmk0KQpT2UnJAo4E9DUTHPoZBJIEnJoh4P6xG8PQSqWils9ysBPSE+wmFGijRTY+94QKK6feNxkIjL7Ba3ArrhVZwr8N6mgORqB/e5FKc0TEJpyolTXdTLtF0RqRjmMy16uICN0QHrQNVSQBJRfTO8f4yOjRDhOpXlC46n6NVGQRKlREprJhOi++ulNxN+8bq7jS79gIss1CDpbFOcc6xRPysARk0A1HxlCqGTmVkz7RBKqTWXl/5XQOq2651Xn5qxSu5rXUUIH6BAdIxddoBq6Rg3URBTdoQf0hJ6te+vRerFeZ6ML1jyzh77BevsEjBiVJw==</latexit>

~C � �~CV

<latexit sha1_base64="w50Yruuqb/r2vWvWhZwCvbYD7KI=">AAAB8HicjVDLSgMxFL2pr1pfVZdugkWomzIjii6LblxWsA9ph5JJM21okhmSjFqGfoUbF4q49XPc+Temj4WKggcuHM65l3vvCRPBjfW8D5RbWFxaXsmvFtbWNza3its7DROnmrI6jUWsWyExTHDF6pZbwVqJZkSGgjXD4cXEb94ybXisru0oYYEkfcUjTol10k1HkvvyXbdx2C2W/Io3Bf6blGCOWrf43unFNJVMWSqIMW3fS2yQEW05FWxc6KSGJYQOSZ+1HVVEMhNk04PH+MApPRzF2pWyeKp+nciINGYkQ9cpiR2Yn95E/M1rpzY6CzKuktQyRWeLolRgG+PJ97jHNaNWjBwhVHN3K6YDogm1LqPC/0JoHFX8k4p3dVyqns/jyMMe7EMZfDiFKlxCDepAQcIDPMEz0ugRvaDXWWsOzWd24RvQ2ycmUI/6</latexit>

max(wV )
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<latexit sha1_base64="jN2JR0YapPA13ts6Z0+tAWHMTVw="></latexit>

�
max

⌘ max

�

h
~C � �~CX 2 C; �2

⇣
~C, ~C

0

⌘
 �2

c

i

Upper limit on wX Subject to EXP bound
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0

0.013

0.025

0.038

0.05

ML MR D V' V V

<latexit sha1_base64="RTjCNNxJcGJ+ljWatDkVXr9+rvY=">AAAB+HicjVDLSgMxFL1TX7U+OurSTbAIdVOmouiy6MZlBfuAdhgyaaYNTSZDktHWoV/ixoUibv0Ud/6N6WOhouCBC4dz7uUeTphwpo3nfTi5peWV1bX8emFjc2u76O7sNrVMFaENIrlU7RBryllMG4YZTtuJoliEnLbC4eXUb91SpZmMb8w4ob7A/ZhFjGBjpcAtdkUoR5nAo0n5LmgfBW6pWvFmQH+TEixQD9z3bk+SVNDYEI617lS9xPgZVoYRTieFbqppgskQ92nH0hgLqv1sFnyCDq3SQ5FUdmKDZurXiwwLrccitJsCm4H+6U3F37xOaqJzP2Nxkhoak/mjKOXISDRtAfWYosTwsSWYKGazIjLAChNjuyr8r4TmcaV6WvGuT0q1i0UdediHAyhDFc6gBldQhwYQSOEBnuDZuXcenRfndb6acxY3e/ANztsnrLCTFw==</latexit>

max(wX)

<latexit sha1_base64="0rawpc+Y6mm8LFd3Em+R3v/4M4M=">AAAB+HicjVDLSsNAFL3xWeujUZdugkWom5KIosuiG5cV7APaECbTSTt0HmFmotbQL3HjQhG3foo7/8bpY6Gi4IELh3Pu5R5OnDKqje9/OAuLS8srq4W14vrG5lbJ3d5papkpTBpYMqnaMdKEUUEahhpG2qkiiMeMtOLhxcRv3RClqRTXZpSSkKO+oAnFyFgpcktdHsu7nFMxrtxG7cPILQdVfwrvb1KGOeqR+97tSZxxIgxmSOtO4KcmzJEyFDMyLnYzTVKEh6hPOpYKxIkO82nwsXdglZ6XSGVHGG+qfr3IEdd6xGO7yZEZ6J/eRPzN62QmOQtzKtLMEIFnj5KMeUZ6kxa8HlUEGzayBGFFbVYPD5BC2Niuiv8roXlUDU6q/tVxuXY+r6MAe7APFQjgFGpwCXVoAIYMHuAJnp1759F5cV5nqwvO/GYXvsF5+wSppJMV</latexit>

min(wX)

ML MR D D' V' V

Ideal With EXP uncertainty

<latexit sha1_base64="0e5CPK+JXjb0cfRw7wFcbfygo7o="></latexit>

X �
max

MX/
p
gX

ML 0.0067 � 3.5 TeV

MR 0.0069 � 3.5 TeV

V (vector) 0.0055 � 3.7 TeV

V (axial v.) 0.0116 � 3.0 TeV

V 0
0.0109 � 3.1 TeV

Heavy states are excluded above 
~4 TeV (from a 1 TeV experiment).


These limits do not depend on 
the UV model setup.

<latexit sha1_base64="P7B6owxYbc78fi425QfUSrZPLIM=">AAACEXicjVDJSgNBEO2JW4zbqEcvjUHIaZxxQY9Bc/AiRMgGmWHo6VSSJj2L3T1CGOInePFXvHhQxKs3b/6NneWgouCDgsd7VVTVCxLOpLLtDyM3N7+wuJRfLqysrq1vmJtbDRmngkKdxjwWrYBI4CyCumKKQysRQMKAQzMYnI/95g0IyeKopoYJeCHpRazLKFFa8s3SgeW4HPClX9l35bVQWc+vjLRyaDm3bkhUX4RZDRoj3yw6lj0B/psU0QxV33x3OzFNQ4gU5UTKtmMnysuIUIxyGBXcVEJC6ID0oK1pREKQXjb5aIT3tNLB3VjoihSeqF8nMhJKOQwD3Tm+Uf70xuJvXjtV3VMvY1GSKojodFE35VjFeBwP7jABVPGhJoQKpm/FtE8EoUqHWPhfCA2d6bFlXx0Vy2ezOPJoB+2iEnLQCSqjC1RFdUTRHXpAT+jZuDcejRfjddqaM2Yz2+gbjLdPCSqckA==</latexit>

2.1  MD/
p
gD  3.1 TeV
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If all measurement agrees with SM with all dim-6 coefs.->0:  
cannot confirm the SM, because various UV states may exist in 
such a way that their dim-6 coefs. cancel out.  

Going to dim-8 allows to ultimately confirm the SM. Positivity 
implies that at least some dim-8 operators have to be positive.


In practice, with EXP errors, the 
same method as example 1 can be  
adopted to derive exclusion limits 
on each UV state. 


E.g.  1 TeV e+e- measurement  
excludes all states up to 4 TeV.

<latexit sha1_base64="NR1Ke7OtAQA6UjPj1VXs0MwRwxU="></latexit>

X �
max

MX/
p
gX

DS 0.0076 � 3.4 TeV

ML 0.0053 � 3.7 TeV

MR 0.0054 � 3.7 TeV

V (vector) 0.0056 � 4.0 TeV

V (axial v.) 0.004 � 4.0 TeV

V 0
0.0041 � 4.0 TeV

Example 2: precision test of SM?
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Summary
While SMEFT has proved useful as a phenomenological tool for LHC 
physics, some questions are still left open.


Positive structures arise at the dim-8 level in SMEFT space, as a 
consequence of axiomatic QFT principles. A convex geometric perspective 
helps to understand these structures, and reveals its connection with UV 
physics.


We have proposed new approaches to derive the best positivity bounds


The ERs correspond to UV states (as living in irreducible 
representations). This connection may provide some partial answer to 
the inverse problem: the determination of UV physics from EFT 
measurements.


More to be studied: general convex structure of EFT space, better ways to 
find bounds, applications in phenomenology… Discussions are welcome!
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Backups



Dispersion relation
Consider 2-to-2 forward elastic 
scattering amplitude, A(s,t=0)


The contour integral

Deform Γ to Γ’. Boundary contributions 
vanish due to Froissart bound. (Froissart, 1961)

Can be calculated in EFT.

In SMEFT gives C8+C62

These are unknown  
but positive

IR UV

<latexit sha1_base64="1HvkINpjak7q1niHbwzgg2jhfME="></latexit>

f =
1

2⇡i

I

�
ds

A(s, 0)

(s� µ2)3

<latexit sha1_base64="0+WV9rOgjLA5eP1lwavWaisssR4="></latexit>

f =
1

2⇡i

I

�
ds

A(s, 0)

(s� µ2)3
=

1

2⇡i

✓Z 0

�1
+

Z 1

4m2

◆
ds

DiscA(s, 0)

(s� µ2)3
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<latexit sha1_base64="bypjWtDG/l5Nzzp+E1cDbSbQFg8=">AAACBnicjVBNS8NAEJ3Ur1q/oh5FWCxCC1KSouix6sWbFewHNLFstpt26WYTdjdCCT158a948aCIV3+DN/+NSduDioIPBh7vzTAzz4s4U9qyPozc3PzC4lJ+ubCyura+YW5uNVUYS0IbJOShbHtYUc4EbWimOW1HkuLA47TlDc8zv3VLpWKhuNajiLoB7gvmM4J1KnXN3dOSOrDKDqdOgPWAYJ5cjkvK4eKmqspds2hXrAnQ36QIM9S75rvTC0kcUKEJx0p1bCvSboKlZoTTccGJFY0wGeI+7aRU4IAqN5m8MUb7qdJDfijTEhpN1K8TCQ6UGgVe2pndqn56mfib14m1f+ImTESxpoJMF/kxRzpEWSaoxyQlmo9Sgolk6a2IDLDERKfJFf4XQrNasY8q1tVhsXY2iyMPO7AHJbDhGGpwAXVoAIE7eIAneDbujUfjxXidtuaM2cw2fIPx9gl3kJfc</latexit>

A(s, 0)  O(s ln2 s)



For the discontinuity in the + real axis:  
use optical theorem

For the discontinuity in the - real axis:  
use crossing then optical theorem

(Disc at large s is where NP enters)

f>0:

if computed in SMEFT at tree level

Positivity bounds

<latexit sha1_base64="A4Hsv2EcJOQzrWX7gOXBBfMjBv0="></latexit>

DiscA(s, 0) = 2iImA(s, 0)

ImA(s, 0) = s�(s)
p
1� 4m2/s � 0

<latexit sha1_base64="rsTsiZgBlHnQ1mkLmGT3JszALm0=">AAACEnicjVBLSwMxGMzWV62vVY9egkVsQctuqehFaPXisYJ9QHct2TTbhmazS5JVytLf4MW/4sWDIl49efPfmG17UFFwIGSYmY8vGS9iVCrL+jAyc/MLi0vZ5dzK6tr6hrm51ZRhLDBp4JCFou0hSRjlpKGoYqQdCYICj5GWNzxP/dYNEZKG/EqNIuIGqM+pTzFSWuqaxVpBHlhFBzqC9gcKCRHeOrC2X4i1eqrvSnBdPkwjXTNvl6wJ4N8kD2aod813pxfiOCBcYYak7NhWpNwECUUxI+OcE0sSITxEfdLRlKOASDeZfGkM97TSg34o9OEKTtSvEwkKpBwFnk4GSA3kTy8Vf/M6sfJP3ITyKFaE4+kiP2ZQhTDtB/aoIFixkSYIC6rfCvEACYSVbjH3vxKa5ZJ9VLIuK/nq2ayOLNgBu6AAbHAMquAC1EEDYHAHHsATeDbujUfjxXidRjPGbGYbfIPx9gkiOpn3</latexit>

A(s, 0) ! A0(u, 0) = A0(4m2 � s, 0)

<latexit sha1_base64="FtM5BE30F3CYhvrQY8E793pnNR4="></latexit>

f ⇡ d2A(µ2)

ds2
=

X

i

c

(8)
i xi +

X

i,j

c

(6)
i c

(6)
j yi,j � 0
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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.


Not new: [A. Adams, A. Arkani-Hamed, S. Dubovsky, A. Nicolis, R. Rattazzi, JHEP 06] 
already gave longitudinal quartic-gauge-boson couplings (QGC)
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Positivity bounds: polarization dependence

With FS, FM, FT operators, the spin of VV’ can take any direction.


Amplitude depends on external polarization.  We will use

For example, from WW channel:  (Similar in all other channels)

Has to hold for any a,b
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Unitarity bounds Positivity bounds6=
<latexit sha1_base64="DojVyP1atoNqDDdN+GjrUmOFKhM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKthbaUDbbSbt0s4m7G6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSATXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6zhVDFssFrHqBFSj4BJbhhuBnUQhjQKBD8H4JvcfnlBpHst7M0nQj+hQ8pAzanKpJ/GxX625dXcGsky8gtSgQLNf/eoNYpZGKA0TVOuu5ybGz6gynAmcVnqpxoSyMR1i11JJI9R+Nrt1Sk6sMiBhrGxJQ2bq74mMRlpPosB2RtSM9KKXi/953dSEV37GZZIalGy+KEwFMTHJHycDrpAZMbGEMsXtrYSNqKLM2HgqNgRv8eVl0j6re+d19+6i1rgu4ijDERzDKXhwCQ24hSa0gMEInuEV3pzIeXHenY95a8kpZg7hD5zPHxi3jkQ=</latexit>



Dim-6 contributions

Dim-6 squares can be safely removed 
without affecting the inequalities



Affect limits by modifying the prior

[CMS, PRL 15]
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Affect limits by modifying the prior

[CMS, PRL 15]

Without positivityZ
dFS,1dFS,2L = 95%

<latexit sha1_base64="L+mBLnh0KQy0RsXLUv9I4PhVm2E=">AAACB3icbVDLSsNAFJ3UV62vqEtBBkvBhZSkKupCKAriwkVF+4AmhMlk0g6dPJiZCCVk58ZfceNCEbf+gjv/xmmbhbYeGOZwzr3ce48bMyqkYXxrhbn5hcWl4nJpZXVtfUPf3GqJKOGYNHHEIt5xkSCMhqQpqWSkE3OCApeRtju4HPntB8IFjcJ7OYyJHaBeSH2KkVSSo+9aNJTQu3LSuwMzm/y1DN7A87NjaFUcvWxUjTHgLDFzUgY5Go7+ZXkRTgISSsyQEF3TiKWdIi4pZiQrWYkgMcID1CNdRUMUEGGn4zsyWFGKB/2Iq6e2Gqu/O1IUCDEMXFUZINkX095I/M/rJtI/tVMaxokkIZ4M8hMGZQRHoUCPcoIlGyqCMKdqV4j7iCMsVXQlFYI5ffIsadWq5mHVuD0q1y/yOIpgB+yBfWCCE1AH16ABmgCDR/AMXsGb9qS9aO/ax6S0oOU92+APtM8fFJKW2w==</latexit>
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Affect limits by modifying the prior

[CMS, PRL 15]

Without positivityZ
dFS,1dFS,2L = 95%

<latexit sha1_base64="L+mBLnh0KQy0RsXLUv9I4PhVm2E=">AAACB3icbVDLSsNAFJ3UV62vqEtBBkvBhZSkKupCKAriwkVF+4AmhMlk0g6dPJiZCCVk58ZfceNCEbf+gjv/xmmbhbYeGOZwzr3ce48bMyqkYXxrhbn5hcWl4nJpZXVtfUPf3GqJKOGYNHHEIt5xkSCMhqQpqWSkE3OCApeRtju4HPntB8IFjcJ7OYyJHaBeSH2KkVSSo+9aNJTQu3LSuwMzm/y1DN7A87NjaFUcvWxUjTHgLDFzUgY5Go7+ZXkRTgISSsyQEF3TiKWdIi4pZiQrWYkgMcID1CNdRUMUEGGn4zsyWFGKB/2Iq6e2Gqu/O1IUCDEMXFUZINkX095I/M/rJtI/tVMaxokkIZ4M8hMGZQRHoUCPcoIlGyqCMKdqV4j7iCMsVXQlFYI5ffIsadWq5mHVuD0q1y/yOIpgB+yBfWCCE1AH16ABmgCDR/AMXsGb9qS9aO/ax6S0oOU92+APtM8fFJKW2w==</latexit>

With positivityZ
dFS,1dFS,2L

<latexit sha1_base64="KQLzePFLWj/walRgoCr63Q1UNpw=">AAACAHicbVDLSsNAFL3xWesr6sKFm8EiuJCSVEGXRUFcuKhoH9CGMJlM2qGTBzMToYRs/BU3LhRx62e482+ctllo64FhDufcy733eAlnUlnWt7GwuLS8slpaK69vbG5tmzu7LRmngtAmiXksOh6WlLOINhVTnHYSQXHocdr2hldjv/1IhWRx9KBGCXVC3I9YwAhWWnLN/R6LFPKv3ez+xM6nfy1Ht65ZsarWBGie2AWpQIGGa371/JikIY0U4VjKrm0lysmwUIxwmpd7qaQJJkPcp11NIxxS6WSTA3J0pBUfBbHQT68zUX93ZDiUchR6ujLEaiBnvbH4n9dNVXDhZCxKUkUjMh0UpBypGI3TQD4TlCg+0gQTwfSuiAywwETpzMo6BHv25HnSqlXt06p1d1apXxZxlOAADuEYbDiHOtxAA5pAIIdneIU348l4Md6Nj2npglH07MEfGJ8/rwmVKQ==</latexit>Z
dFS,1dFS,2L

<latexit sha1_base64="KQLzePFLWj/walRgoCr63Q1UNpw=">AAACAHicbVDLSsNAFL3xWesr6sKFm8EiuJCSVEGXRUFcuKhoH9CGMJlM2qGTBzMToYRs/BU3LhRx62e482+ctllo64FhDufcy733eAlnUlnWt7GwuLS8slpaK69vbG5tmzu7LRmngtAmiXksOh6WlLOINhVTnHYSQXHocdr2hldjv/1IhWRx9KBGCXVC3I9YwAhWWnLN/R6LFPKv3ez+xM6nfy1Ht65ZsarWBGie2AWpQIGGa371/JikIY0U4VjKrm0lysmwUIxwmpd7qaQJJkPcp11NIxxS6WSTA3J0pBUfBbHQT68zUX93ZDiUchR6ujLEaiBnvbH4n9dNVXDhZCxKUkUjMh0UpBypGI3TQD4TlCg+0gQTwfSuiAywwETpzMo6BHv25HnSqlXt06p1d1apXxZxlOAADuEYbDiHOtxAA5pAIIdneIU348l4Md6Nj2npglH07MEfGJ8/rwmVKQ==</latexit>

= 95%
<latexit sha1_base64="E7woPuhXt2jSiwghpXX4I1heMwM=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BEvBU9n1A/UgFL14rOC2hXYp2TTbhmazS5IVytLf4MWDIl79Qd78N6btHrT1wcDjvRlm5gWJ4No4zjcqrKyurW8UN0tb2zu7e+X9g6aOU0WZR2MRq3ZANBNcMs9wI1g7UYxEgWCtYHQ39VtPTGkey0czTpgfkYHkIafEWMm7ub7oVnvlilNzZsDLxM1JBXI0euWvbj+macSkoYJo3XGdxPgZUYZTwSalbqpZQuiIDFjHUkkipv1sduwEV63Sx2GsbEmDZ+rviYxEWo+jwHZGxAz1ojcV//M6qQmv/IzLJDVM0vmiMBXYxHj6Oe5zxagRY0sIVdzeiumQKEKNzadkQ3AXX14mzdOae1ZzHs4r9ds8jiIcwTGcgAuXUId7aIAHFDg8wyu8IYle0Dv6mLcWUD5zCH+APn8AjdKN2g==</latexit>
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aQGC all 2D subspaces
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aQGC all 2D subspaces
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