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Motivation and Outline

Motivation:
• Connect Positivity bounds with phenomenology
• Test unitarity and analyticity of the Minimal flavor Violation assumption in the Standard Model 

Effective Field Theory
• Investigate bounds on Flavor Violating couplings

Outline:
• Introduction: SMEFT, Minimal Flavor Violation and Positivity Bounds on dimension-8 4-Fermi 

operators
• Positivity bounds under MFV: analysis of the tensor structure, difference between , how to 

disentangle external states
• Results
• Summary

Nf = 2,3
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The SMEFT

The Standard Model is generally intended as the renormalizable part of a larger description, that includes the effects 
from heavy resonances that cannot be produced on-shell

<latexit sha1_base64="cyQ1ieRTC5RYiHXhlE16s1b3mOY="></latexit>

LSMEFT = L
(4)
SM +

X

n�5

cn
⇤n�4

O
(n)

The operators are gauge invariants built with SM fields, and the coefficients are in principle arbitrary, and get fixed 
only when specifying the UV completion or by measurements.
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D'Ambrosio, Giudice, Isidori, 
Strumia hep-ph/0207036

The Minimal Flavor Violation ansatz comes from the observation that sending the Yukawa couplings to 0

Minimal Flavor Violation

<latexit sha1_base64="V6+0ODvlwUlv8tIamXjrK07v1qg=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF6UkRdRl0Y3LCvYhbQiTyaQdOpkJMxOlhOLGX3HjQhG3foU7/8Zpm4W2HrhwOOde7r0nSBhV2nG+rcLS8srqWnG9tLG5tb1j7+61lEglJk0smJCdACnCKCdNTTUjnUQSFAeMtIPh1cRv3xOpqOC3epQQL0Z9TiOKkTaSbx/c+VlaCStk3GOC9yXtDzSSUjw4vl12qs4UcJG4OSmDHA3f/uqFAqcx4RozpFTXdRLtZUhqihkZl3qpIgnCQ9QnXUM5ionysukLY3hslBBGQpriGk7V3xMZipUaxYHpjJEeqHlvIv7ndVMdXXgZ5UmqCcezRVHKoBZwkgcMqSRYs5EhCEtqboV4gCTC2qRWMiG48y8vklat6p5Vazen5fplHkcRHIIjcAJccA7q4Bo0QBNg8AiewSt4s56sF+vd+pi1Fqx8Zh/8gfX5A28tl3c=</latexit>

Yu,d,e �! 0

the SM Lagrangian enjoys a global  flavor symmetry, that can be extended to the Yukawa sector by promoting  
to spurions

U(3)5 Yu,d,e

MFV requires the whole SMEFT Lagrangian to be a singlet of the flavor symmetry.

This takes care of the flavor structure of the higher dimensional operators coefficients, e.g.:
<latexit sha1_base64="1abAe9oEKXlp0r88wrPVPA9LcIY="></latexit>
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and prevents large FCNCs.
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Positivity bounds Adams, Arkani-Hamed, 
Dubovsky, Nicolis, Rattazzi  

hep-th/0602178

The coefficients appearing in front of EFT higher dimensional operators are not arbitrary! 

Assuming analyticity and unitarity in the UV requires them to respect some bounds:

<latexit sha1_base64="zRMoPnW+3Yt78Z595yoM4wWPE8M="></latexit>

L =
1

2
(@µ�)

2 +
c

M4
(@µ�)

4Scalar + shift symmetry:  scattering 2 → 2 t → 0

<latexit sha1_base64="o1I4ud341JAdncgS6/A6BapuhCs="></latexit>

A(s) ⌘ M(s, t = 0) =
4cs2

M4

Picture from arXiv:1908.09845

<latexit sha1_base64="McROeErc/NWEHPyHJKJ1nm/oqNY="></latexit>
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M4Expand with 
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A(s) =
1X

n=0

�ns
n
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By deforming the contour
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c > 0
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Dimension 8 4-Fermi operators Remmen, Rodd 
2004.02885

The set of operators we focus on is:

There is another set of dimension 8, 4-fermions operators
<latexit sha1_base64="l+VrxB2r9+9equce4DGdWcLxZHU="></latexit>

O = @µ( ̄m�⌫ n)@
µ(�̄p�

⌫�q),  6= �

but their contribution to the amplitude vanishes as  so we cannot bound themt → 0
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Dimension 8 operators under MFV
We now have to impose the MFV andata on this set of operators to see: 

how do the bounds depend on the Yukawa entries?
<latexit sha1_base64="GUW809B1f74AzlCZsLxHgNfLcVM="></latexit>

Nf = 2 ! Yu =

✓
⇢⇢yu 0
0 yc

◆
; Yd ! 0

Nf = 3 ! Yu =

0

@⇢⇢yu 0 0
0 ⇢⇢yc 0
0 0 yt

1

A ; Yd ! 0

Example: operators with 4 up fields

<latexit sha1_base64="0YBnMLKssv7zqBxQiXWe32Oc10k="></latexit>

O1[u] = cu,1mnpq@µ(ūm�⌫un)@
µ(ūp�

⌫uq)

O3[u] = cu,3mnpq@µ(ūmT a�⌫un)@
µ(ūpT

a�⌫uq),

Approximation: Define:

<latexit sha1_base64="zWY3wc18tKiXGcN3NHa0xrFx+4Q="></latexit>

M ⌘ YuY
†
u 2 3Q ⌦ 3̄Q = 1Q � 8Q

M̃ ⌘ Y †
uYu 2 3u ⌦ 3̄u = 1u � 8u

up to  and with the  expected to be  𝒪(Y2
u) ρ 𝒪(1)

<latexit sha1_base64="F9dKitvNm6cdCGWz6HRKy+l7/TU="></latexit>

cu,imnpq = ⇢u,i1 (�mn�pq) + ⇢u,i2 (M̃mn�pq + �mnM̃pq) + ⇢u,i3 (�mq�pn) + ⇢u,i4 (M̃mq�pn + �mqM̃pn)
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Positivity bounds: dimension 8, 4-Fermi operators
To get the bounds: 

• scatter flavor superpositions

• obtain the amplitude

• marginalize over gauge indices

To simplify them a bit

• perform linear redefinition

• turn to the study of

Finally:

<latexit sha1_base64="dPChnqvMUi8NcdQoalloJWLJtPI="></latexit>
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⇠u,1k ⌘ ⇢u,1k +
1

3
⇢u,3k and ⇠u,3k ⌘ ⇢u,3k for k = 1, 2, 3, 4,

<latexit sha1_base64="/h9ozCaN795H8nsCm316oMlW5Pc="></latexit>

c(⇠)u,imnpq = ⇠u,i1 (�mn�pq) + ⇠u,i2 (M̃mn�pq + �mnM̃pq) + ⇠u,i3 (�mq�pn) + ⇠u,i4 (M̃mq�pn + �mqM̃pn)
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Disentangling the external states
First a simple check: are the bounds either trivial or empty?

NO: 

<latexit sha1_base64="uiKZbPBsKaSl8MVZTKYSoOTJzaA="></latexit>

⇠i1 = ⇠i2 = 0 ) ⇠i3 > �⇠i4

 
↵mM̃mq↵⇤

q

|↵|2 +
�⇤
pM̃pn�n

|�|2

!

Now, we want bounds on the coefficients alone, so we need to get rid of the external states αn, βn

Define  with eigenvalues C(β)mq ≡ cmnpq(ξ)βnβ*p r(β)I, I = 1,…, Nf

Then we can trade the positivity bounds for

<latexit sha1_base64="dCO67/bHL8P7kaRmsWmrO2PwZJI="></latexit>(
cmnpq�n�⇤

p↵m↵⇤
q > 0

8↵,� with k↵k = k�k = 1
()

(
r(�)I > 0 I = 1, . . . , Nf

8� with k�k = 1

and deal with  alone!β
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Results for Nf = 2
With two flavors, the only independent parameter is , and we can remove  because it is redundant in . 

Marginalizing over  we get

yc ξ4 SU(2)

β

<latexit sha1_base64="g/8Q1ShZAre7i8HAtGcvdyz1TxE="></latexit>8
>>>>>>>>><

>>>>>>>>>:
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2yc2
⇣
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⌘
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4 � ⇠u,i2 )

⇣
⇠u,i2 + 3⇢⇢⇠

u,i
4

⌘
+ 8⇠u,i3 ⇢⇢⇠

u,i
4 yc2 + 4

⇣
⇠u,i3

⌘2
> 0 or

✓
�4y2c

⇣
⇠u,i1 ⇢⇢⇠

u,i
4 + ⇠u,i2 ⇠u,i3

⌘
+ yc4

⇣
⇠u,i2 � ⇠u,i4

⌘2
� 4⇠u,i1 ⇠u,i3

◆
< 0.

We can visualise them as 

The allowed region (dashed line) shrinks 
for growing . 

The degenerate point  is 
allowed up to 

yc

ξ1 = ξ2 = ξ3 = 1
yc ≲ 2.2
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Results for Nf = 3
The large value of  requires us to resum the series in powers of  and to set  in the end.

Thus the bounds are a fixed region, with no Yukawa dependence. We can rescale  and visualise the bounds:

yt Yu yt → 1

ξ3 → 1

The degenerate point  is well 
inside this region!

ξ1 = ξ2 = ξ3 = ξ4 = 1
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Where is the CKM?
We could expect the bounds to depend not only on the Yukawa couplings, but on the CKM matrix entries, too. 

Why doesn’t this happen? 

Let us look again at the tensor structure at this order:

<latexit sha1_base64="dHXnlLM/6oaH9LTExJ4PHZYKmxU="></latexit>

cu,imnpq = ⇢u,i1 (�mn�pq) + ⇢u,i2 (M̃mn�pq + �mnM̃pq) + ⇢u,i3 (�mq�pn) + ⇢u,i4 (M̃mq�pn + �mqM̃pn)

• As we only kept  (remember ) we can always pick a basis where  is entirely in 

• This can be done in the Lagrangian, or with a unitary rotation on  

Yu M̃ = Y†
uYu VCKM Yd

αn, βn

There are two ways we can force the CKM to appear in the bounds:

• Project  onto  

- We obtain the same results for the true , but now the parameter is 

• Go further in the expansion
- Including  one cannot get rid of the CKM anymore.
- Appearing at higer orders, it has conversely subleading effects on the bounds

Nf = 3 Nf = 2

Nf = 2 yc → σ ≡ A2λ4

𝒪(Y2
d)

<latexit sha1_base64="BtEEo+Gu9GFrRY2BOmg+nSp60xc="></latexit>

Mij =
�
YuY

†
u

�
ij
⇠ (VCKM)3i(V

⇤
CKM)3j i, j = 1, 2
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Other operators
Following the same procedure as for the operators with 4 up fields, we get bounds on the others.

Self-quartic operators
• 4-Q operators are obtained by sending  and produce the same bounds
 
• 4-d operators are obtained by sending 

M̃ → M

M̃ → 0

<latexit sha1_base64="UX1gPKQZlhhSWVXMoSM2LSJskWo="></latexit>(
⇠d,i3 > 0,

⇠d,i1 + ⇠d,i3 > 0.

Cross-quartic operators

Degenerate point is inside!

Those are easier to deal with, because of the less rich tensor structure. For the (2u)(2Q) operators we get

<latexit sha1_base64="zeSoV3IHixxmNtvvDyiDDTtsrIY="></latexit>8
>>><

>>>:

⇠uQ,i
1 > 0

⇠uQ,i
1 + ⇠uQ,i

2 > 0

⇠uQ,i
1 + ⇠uQ,i

3 > 0

⇠uQ,i
1 + ⇠uQ,i

2 + ⇠uQ,i
3 + ⇠uQ,i

4 > 0

Degenerate point is inside!
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Summary

• The Minimal Flavor Violation assumption can be made consistent with positivity bounds in the Standard Model 
Effective Field Theory

• The bounds for the flavor-blind coefficients are consistently controlled by the largest Yukawas 

• A method to disentangle the arbitrary external states of the elastic scattering has been shown
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Thank you!
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Backup I
Explicit extraction of the bounds for :

Parametrize

get

Nf = 2
<latexit sha1_base64="DtCrbN5T1yJICk/1sBxPjYVXtnk="></latexit>

� =

✓
xei✓x

yei✓y

◆
⌘��ei✓y

✓
xei✓̃x

y

◆
, x2 + y2 = 1

The trace is linear in , so it is positive everywhere iff it is positive at the boundaries.

The determinant is quadratic in , it is positive iff:

• It is positive at the boundaries

• At least one of the following is met:

x2 ∈ [0,1]

x2

<latexit sha1_base64="H5kiDZA9/Rs5XKcOHjyuCI+KqnY="></latexit>

� < 0 or a < 0 or b(b+ 2a) > 0, with det[C(�)] ⌘ ax4 + bx2 + c
<latexit sha1_base64="M8Y7OYjcizW9HrCjtLUaxW22b4M="></latexit>8
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1 + ⇠Q,i
3 > 0,

⇠Q,i
1 + ⇠Q,i
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⇣
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4
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⇣
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4 + ⇠Q,i
2 ⇠Q,i

3

⌘
+ y4c

⇣
⇠Q,i
2 � ⇠Q,i

4

⌘2
� 4⇠Q,i

1 ⇠Q,i
3

◆
< 0.
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Backup II
Proof that   is redundant in .

Define   to get 

ūmunūpuq(M̃mqδpn + δmqM̃pn) Nf = 2

Xmn = ūmun
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XijXkl"jk"lm"inM̃nm =

✓
X{ij} +

1

2
Xab"ab"ij

◆✓
X{kl} +

1

2
Xcd"cd"kl

◆
"jk"lm"inM̃nm =

= X{ij}X{kl}"jk"lm"inM̃nm +Xab"ab"nk"lmX{kl}M̃nm � 1

4
"abXab"cdXcd"nmM̃nm

One sees that the second term can be reabsorbed in  and the third in . The remaining one can be split as:ρ1 ρ2
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1

2
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whose second term can be reabsorbed in , while the first one vanishesρ3
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