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Fantastic Beasts and Where To Find Them
CMS


Imaginary  

Λ

x) It looks more and more likely that new degrees of freedom beyond the SM may not 
be directly available at the LHC or even at future colliders


x) However, even if it is not possible to see the head, it may be possible to see the tail...




SM has been excessively successful in describing all collider and low-energy 
experiments. Discovery was 125 GeV Higgs boson is last piece of puzzle that 
falls into place. No more free parameters in SM


We know physics beyond SM exists (neutrino masses, dark matter, inflation, 
baryon asymmetry).  There are also some theoretical hints for new physics 
(strong CP problem, flavor hierarchies, gauge coupling unifications, naturalness 
problem)


But there isn’t one model or class of models that is strongly preferred, and 
all existing models addressing naturalness have certain tensions that cast 
doubt on whether they really describe nature 


We need to keep open mind on many possible forms of new physics that may 
show up in experiment. This requires a model-independent approach to 
complete other model-dependent searches  

Status report



Assume that the SM degrees of freedom is all there is below the TeV scale. But we 
treat the SM as an EFT, and call it the SMEFT


In the SMEFT, the SM Lagrangian is treated as the lowest order approximation of 
the dynamics. Effects of heavy particles are encoded by new contact interactions of 
the SM particles added to the  Lagrangian


The SMEFT Lagrangian can be defined as an expansion in the inverse mass scale of 
heavy particles, which coincides with the expansion in operator dimensions  


Under certain (mild) assumptions, the SMEFT framework  allows one to describe 
effects of new physics beyond the SM in a model independent way

SMEFT

+



SMEFT

Much as in SM, relativistic QFT with linearly 
realized SU(3)xSU(2)xU(1) local symmetry 
spontaneously broken by VEV of Higgs doublet field


SMEFT Lagrangian  expanded in inverse powers of 
Λ, equivalently in operator dimension D 

Basic assumptions

Lepton number or B-L violating,  
hence too small to probed at present  

and near-future colliders

Subleading

wrt D=6 if Λ 

high enough

Generated by integrating out 

heavy particles with mass scale Λ


In large class of BSM models that conserve B-L, 

D=6 operators capture leading effects of new physics


on collider observables at E << Λ

Buchmuller,Wyler 
 (1986)

Grządkowski et al.

 1008.4884

Alonso et al

 1312.2014

http://arxiv.org/abs/1303.3876


(subset of) D=6 operators

Chirality conserving (I, J = 1, 2, 3) Chirality violating (I, J = 1, 2, 3)

[Oℓq]IIJJ = (ℓ̄I σ̄µℓI)(q̄J σ̄µqJ) [Oℓequ]IIJJ = (ℓ̄jI ē
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J ū
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I)(d
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Jσ

µd̄cJ)

Table 1: Flavor-conserving 2-lepton-2-quark operators in the SMEFT Lagrangian of Eq. (2.1).

One flavor (I = 1, 2, 3) Two flavors (I < J = 1, 2, 3)

[Oℓℓ]IIII =
1
2(ℓ̄I σ̄µℓI)(ℓ̄I σ̄

µℓI) [Oℓℓ]IIJJ = (ℓ̄I σ̄µℓI)(ℓ̄J σ̄µℓJ)
[Oℓℓ]IJJI = (ℓ̄I σ̄µℓJ)(ℓ̄J σ̄µℓI)
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Table 2: Flavor-conserving 4-lepton operators in the SMEFT Lagrangian of Eq. (2.1).
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In this talk, I will focus on a subset of  D=6 operators 
which contain 4 fermions and at least 2 leptons

Chirality conserving (I, J = 1, 2, 3) Chirality violating (I, J = 1, 2, 3)
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c
I)(d

c
Jσ

µd̄cJ)

Table 1: Flavor-conserving 2-lepton-2-quark operators in the SMEFT Lagrangian of Eq. (2.1).

One flavor (I = 1, 2, 3) Two flavors (I < J = 1, 2, 3)

[Oℓℓ]IIII =
1
2(ℓ̄I σ̄µℓI)(ℓ̄I σ̄

µℓI) [Oℓℓ]IIJJ = (ℓ̄I σ̄µℓI)(ℓ̄J σ̄µℓJ)
[Oℓℓ]IJJI = (ℓ̄I σ̄µℓJ)(ℓ̄J σ̄µℓI)

[Oℓe]IIII = (ℓ̄I σ̄µℓI)(ecIσ
µēcI) [Oℓe]IIJJ = (ℓ̄I σ̄µℓI)(ecJσ
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Table 2: Flavor-conserving 4-lepton operators in the SMEFT Lagrangian of Eq. (2.1).
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However, implicitly assuming that all dimension-6 operators 
are present  simultaneously with arbitrary Wilson coefficients.

In particular, flavor structure is assumed to be completely generic



EFT below the weak scale

This talk is focused on observables where characteristic energy scale is smaller than 
Z boson mass 


Below mZ the only SM degrees of freedom available are leptons, photon, gluons, and 
5 flavors of quark, while  H/W/Z bosons and top quark are integrated out


I refer to it as the Fermi theory      


Fermi theory is an EFT with SU(3)xU(1) gauge group and fermionic matter spectrum, 
where the expansion parameter is 1/v, v = 246 GeV. 


There are 70 dimension-5 and 3631 dimension-6 operators preserving baryon and 
lepton number


I focus here on flavor conserving 4-fermion operators coupling leptons and light 
quarks (flavor violating ones are of course equally or even more interesting but not 
discussed here)

Jenkins et al
1711.05270



(Subset of) Fermi theory Lagrangian2.2.1 Charged-current (CC) interactions: qq′ℓν

The low-energy CC interactions of leptons with the 1st generation quarks are described by the
effective 4-fermion operators:

Leff ⊃ −
2Ṽud

v2

[(

1 + ϵ̄deJL

)

(ēJ σ̄µνJ)(ūσ̄
µd) + ϵdeR (ēJ σ̄µνJ)(u

cσµd̄c) (2.4)

+
ϵdeJS + ϵdeJP

2
(ecJνJ)(u

cd) +
ϵdeJS − ϵdeJP

2
(ecJνJ)(ūd̄

c) + ϵdeJT (ecJσµννJ)(u
cσµνd) + h.c.

]

.

To make contact with low-energy flavor observables, we defined the rescaled CKM matrix element
Ṽud [55]. It is distinct from the actual Vud, i.e., the 11 element of the unitary matrix V that
appears in the Lagrangian after rotating quarks to the mass eigenstate basis. The two are related
by Vud = Ṽud(1+δVud) where δVud is chosen such as to impose the relation ϵ̄deL = −ϵdeR in Eq. (2.4).5

Let us note that in general Ṽud is also different from the phenomenological value obtained within
the SM, which we will denote by V PDG

ud . Currently this value comes from superallowed nuclear beta
decays [62] that depend on the vector couplings via the combination ϵ̄deL +ϵdeR . By setting ϵ̄deL = −ϵdeR ,
this nonstandard effect has been conveniently absorbed into the definition of Ṽud. However, the
relevant transitions also depend, each in a different way, on the scalar coefficient ϵdeS . Thus Ṽud

and V PDG
ud only coincide if ϵdeS vanishes, whereas in general it is not possible to redefine away all

new physics contributions through Ṽud. For this reason we treat Ṽud as a free parameter that is fit
together with the EFT Wilson coefficients [55]. In principle the difference between Ṽud and V PDG

ud

must be taken into account every time the latter is used to calculate any given SM prediction. In
practice, this effect will be negligible in most cases, given the strong constraints on ϵdeS from the
same nuclear decay data, cf. Eq. (3.17).

At tree level, the low-energy parameters are related to the SMEFT parameters as

δVud = −δgWq1
L − δgWq1

R + δgWµ
L −

1

2
[cℓℓ]1221 + [c(3)lq ]1111,

ϵdeR = −ϵ̄deL = δgWq1
R ,

ϵ̄dµL = −δgWq1
R + δgWµ

L − δgWe
L + [c(3)lq ]1111 − [c(3)lq ]2211,

ϵdeJS = −
1

2
([clequ]

∗
JJ11 + [cledq]

∗
JJ11) ,

ϵdeJP = −
1

2
([clequ]

∗
JJ11 − [cledq]

∗
JJ11) ,

ϵdeJT = −
1

2
[c(3)lequ]

∗
JJ11 , (2.5)

As indicated earlier, at O(Λ−2) we treat the CKM matrix as the unit matrix. In this limit, the
effective parameters in Eq. (2.4) depend only on flavor-diagonal vertex corrections and 4-fermion
operators. See Appendix B for more general expressions where non-diagonal elements of V are

5The bar in the ϵ̄deJL coefficient reminds the reader that this coefficient is not the usual ϵdeJL (see e.g. Ref. [55])
where the shift of new physics effects into Ṽud is not carried out. These two are trivially related by Vud (1+ ϵdeJL ) =
Ṽud (1 + ϵ̄deJL ).
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Charged current interactions of 2  leptons and  2 light quarks

retained. Note also that the rescaled CKM matrix is no longer unitary. In particular we have
|Ṽud|2 + |Vus|2 ≈ 1 + ∆CKM, where

∆CKM = −2δVud = 2δgWq1
L + 2δgWq1

R − 2δgWµ
L + [cℓℓ]1221 − 2[c(3)lq ]1111. (2.6)

Although the extraction of the Vus element is also affected by dimension-6 operators, their con-
tribution to this unitarity test is suppressed by Vus and therefore it can be neglected in our
approximation (V ≈ 1 at order Λ−2). See Eq. (B.5) for the complete expression.

2.2.2 Neutral-current (NC) neutrino interactions: qqνν

The low-energy NC neutrino interactions with light quarks are described by the effective 4-fermion
operators:

Leff ⊃ −
2

v2
(ν̄J σ̄

µνJ ) (g
νJq
LL q̄σ̄µq + gνJqLR q

cσµq̄
c) . (2.7)

At tree level, the low-energy parameters are related to the SMEFT parameters as

gνJuLL =
1

2
−

2s2θ
3

+ δgZu
L +

(

1−
4s2θ
3

)

δgZνJ
L −

1

2
([clq]JJ11 + [c(3)lq ]JJ11),

gνJuLR = −
2s2θ
3

+ δgZu
R −

4s2θ
3
δgZνJ

L −
1

2
[clu]JJ11,

gνJdLL = −
1

2
+

s2θ
3
+ δgZd

L −
(

1−
2s2θ
3

)

δgZνJ
L −

1

2
([clq]JJ11 − [c(3)lq ]JJ11),

gνJdLR =
s2θ
3
+ δgZd

R +
2s2θ
3
δgZνJ

L −
1

2
[cld]JJ11. (2.8)

The experiments probing these couplings usually normalize the NC cross section using its CC
counterpart. Thus, it is convenient to define the following combinations of effective couplings:

(gνJL/R)
2 ≡

(gνJuLL/LR)
2 + (gνJdLL/LR)

2

(

1 + ϵ̄deJL

)2 , θνJL/R ≡ arctan

(

gνJuLL/LR

gνJdLL/LR

)

, (2.9)

where we took into account that SMEFT dimension-6 operators modify in general both NC and
CC processes. Let us notice that additional (linear) effects in the normalizing CC process due to
ϵdeR and ϵdeJS,P,T can be neglected because they are suppressed by the ratio mumd/E2 and meJ/E

respectively. The effect due to the possible difference between Ṽud and V PDG
ud can also be safely

neglected here, given the limited precision of the neutrino scattering experiments included in our
fit. Last, the same holds for the δVud contribution that appears if the unitarity of the CKM matrix
is used in the SM determination.
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Neutral current interactions of 2 neutrinos and 2 light quarks

Neutral current interactions of 2 charged leptons and 2 light quarks

2.2.3 Neutral-current charged-lepton interactions: qq``

We parametrize6 the 4-fermion operators with 2 charged leptons and 2 light quarks as

L
e↵

� 1

2v2
[geJqAV (ēJ�µ�5eJ)(q̄�µq) + geJqV A(ēJ�µeJ)(q̄�µ�5q)]

+
1

2v2
[geJqV V (ēJ�µeJ)(q̄�µq) + geJqAA (ēJ�µ�5eJ)(q̄�µ�5q)] , (2.10)

where we momentarily switch to the Dirac notation with �
5

 L = � L, �5 R = + R. At tree level,
the parameters geiqXY are related to the SMEFT parameters as

geJuAV = �1

2
+

4

3
s2✓ �

�
�gZu

L + �gZu
R

�
+

3� 8s2✓
3

�
�gZeJ

L � �gZeJ
R

�
+

1

2

h
c
(3)

lq � clq � clu + ceq + ceu

i

JJ11
,

geJdAV =
1

2
� 2

3
s2✓ �

�
�gZd

L + �gZd
R

�� 3� 4s2✓
3

�
�gZeJ

L � �gZeJ
R

�
+

1

2

h
�c

(3)

lq � clq � cld + ceq + ced

i

JJ11
,

geJuV A = �1

2
+ 2s2✓ �

�
1� 4s2✓

� �
�gZu

L � �gZu
R

�
+
�
�gZeJ

L + �gZeJ
R

�
+

1

2

h
c
(3)

lq � clq + clu � ceq + ceu

i

JJ11
,

geJdV A =
1

2
� 2s2✓ �

�
1� 4s2✓

� �
�gZd

L � �gZd
R

�� �
�gZeJ

L + �gZeJ
R

�
+

1

2

h
�c

(3)

lq � clq + cld � ceq + ced

i

JJ11
,

geJuAA =
1

2
+ �gZu

L � �gZu
R � �gZeJ

L + �gZeJ
R +

1

2

h
�c

(3)

lq + clq � clu � ceq + ceu

i

JJ11
,

geJdAA = �1

2
+ �gZd

L � �gZd
R + �gZeJ

L � �gZeJ
R +

1

2

h
c
(3)

lq + clq � cld � ceq + ced

i

JJ11
. (2.11)

We do not display the expressions for geiqV V here because they will not be needed in the following.

2.2.4 Four-lepton interactions: ```` and ``⌫⌫

Although the main focus of this work are the LLQQ operators, in this section we provide a few
expressions concerning 4-lepton operators that will be needed in our subsequent phenomenological
analysis. First, we parametrize the ⌫-e interaction in the e↵ective theory below the weak scale as:

L
e↵

� � 1

v2
(⌫̄J �̄µ⌫J) [(g

⌫JeI
LV + g⌫JeILA ) (ēI �̄µeI) + (g⌫JeILV � g⌫JeILA ) (ecI�µē

c
I)] . (2.12)

Matching to the SMEFT one finds

g⌫JeILV = �IJ � 1

2
+ 2s2✓ + �IJ

✓
2�gWeI

L � �gWe
L � �gWµ

L +
1

2
[c``]1221

◆

� �
1� 4s2✓

�
�gZ⌫J

L + �gZeI
L + �gZeI

R � 1

2
(xIJ + [c`e]JJII) ,

g⌫JeILA = �IJ � 1

2
+ �IJ

✓
2�gWeI

L � �gWe
L � �gWµ

L +
1

2
[c``]1221

◆

��gZ⌫J
L + �gZeI

L � �gZeI
R � 1

2
(xIJ � [c`e]JJII) , (2.13)

6For the parity-violating electron couplings, another frequently used notation is geqAV ⌘ C1q, g
eq
V A ⌘ C2q.
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6For the parity-violating electron couplings, another frequently used notation is geqAV ⌘ C1q, g
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V A ⌘ C2q.
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4-lepton interactionswhere xIJ = [c``]IIJJ if I  J or xIJ = [c``]JJII otherwise.
Last, we parameterize the parity-violating self-interaction of electrons in the e↵ective theory

below the weak scale as

L
e↵

� 1

2v2
geeAV [�(ē�̄µe)(ē�̄µe) + (ec�µē

c)(ec�µē
c)] , (2.14)

with the following SMEFT expression

geeAV =
1

2
� 2s2✓ � 2

�
1� 2s2✓

�
�gZe

L � 4s2✓�g
Ze
R � 1

2
[c``]1111 +

1

2
[cee]1111 . (2.15)

2.3 Renormalization and scale running of the Wilson coe�cients

In general the Wilson coe�cients display renormalization-scale dependence that is to be canceled
in the observables by the opposite dependence in the quantum corrections to the matrix elements.
Let us first discuss the QCD running, which can have a numerically significant impact due to the
magnitude of the strong coupling constant ↵s. This e↵ect is further enhanced by the large separa-
tion of scales of the experiments discussed in this work (from low-energy precision measurements to
LHC collisions). Among the coe�cients involved in our analysis, only the three chirality-violating

ones, clequ, cledq, c
(3)

lequ (i.e. ✏d`S,P,T in the low-energy EFT), present a non-zero 1-loop QCD anomalous
dimension, namely [63]

d ~x(µ)

d log µ
=

↵s(µ)

2⇡

0

@
�4 0 0
0 �4 0
0 0 4/3

1

A ~x(µ), (2.16)

where ~x refers to the SMEFT coe�cients ~c = (cledq, clequ, c
(3)

lequ) if the scale µ is above the weak
scale or to the low-energy EFT coe�cients ~✏ = (✏d`S , ✏

d`
P , ✏

d`
T ) below it. We find that higher-loop

QCD corrections to the running are numerically significant, and we include them in our analysis.7

On the other hand we neglect in this work the electromagnetic/weak running of the SMEFT
Wilson coe�cients, which is expected to have a much smaller numerical importance simply due
to the smallness of the corresponding coupling constants. There is however one exception to
this, namely the chirality-violating operators discussed above, for two reasons: (i) contrary to the
QCD running, the QED/weak running involves mixing between these operators; (ii) pion decay
makes possible to set bounds of order 10�7 on the pseudoscalar coupling ✏d`P (µlow), which can give
important bounds on scalar and tensor via mixing despite the smallness of ↵em. In order to take
into account this e↵ect, Eq. (2.16) has to be replaced by

d ~x(µ)

d log µ
=

✓
↵em(µ)

2⇡
�x +

↵s(µ)

2⇡
�s

◆
~x(µ) , (2.17)

where we will use the 1-loop QED (electroweak) anomalous dimension, �x = �em(w)

, to evolve the
coe�cients ~✏ (~c) below (above) the weak scale [67–70]:

�
em

=

0

@
2

3

0 4
0 2

3

4
1

24

1

24

�20

9

1

A , �
w

=

0

B@
� 4

3c2✓
0 0

0 � 11

6c2✓

15

c2✓
+ 9

s2✓

0 5

16c2✓
+ 3

16s2✓

1

9c2✓
� 3

2s2✓

1

CA , (2.18)

7We use the 3-loop QCD anomalous dimension [64], and we include the threshold corrections at mb and mt

extracted from Refs. [65] and [66] for scalar and tensor operators respectively. See Ref. [67] for further details.
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Matching Fermi theory to SMEFT

One example: 𝜈𝜈qq operators

retained. Note also that the rescaled CKM matrix is no longer unitary. In particular we have
|Ṽud|2 + |Vus|2 ≈ 1 + ∆CKM, where

∆CKM = −2δVud = 2δgWq1
L + 2δgWq1

R − 2δgWµ
L + [cℓℓ]1221 − 2[c(3)lq ]1111. (2.6)

Although the extraction of the Vus element is also affected by dimension-6 operators, their con-
tribution to this unitarity test is suppressed by Vus and therefore it can be neglected in our
approximation (V ≈ 1 at order Λ−2). See Eq. (B.5) for the complete expression.

2.2.2 Neutral-current (NC) neutrino interactions: qqνν

The low-energy NC neutrino interactions with light quarks are described by the effective 4-fermion
operators:

Leff ⊃ −
2

v2
(ν̄J σ̄

µνJ ) (g
νJq
LL q̄σ̄µq + gνJqLR q

cσµq̄
c) . (2.7)

At tree level, the low-energy parameters are related to the SMEFT parameters as

gνJuLL =
1

2
−

2s2θ
3

+ δgZu
L +

(

1−
4s2θ
3

)

δgZνJ
L −

1

2
([clq]JJ11 + [c(3)lq ]JJ11),

gνJuLR = −
2s2θ
3

+ δgZu
R −

4s2θ
3
δgZνJ

L −
1

2
[clu]JJ11,

gνJdLL = −
1

2
+

s2θ
3
+ δgZd

L −
(

1−
2s2θ
3

)

δgZνJ
L −

1

2
([clq]JJ11 − [c(3)lq ]JJ11),

gνJdLR =
s2θ
3
+ δgZd

R +
2s2θ
3
δgZνJ

L −
1

2
[cld]JJ11. (2.8)

The experiments probing these couplings usually normalize the NC cross section using its CC
counterpart. Thus, it is convenient to define the following combinations of effective couplings:

(gνJL/R)
2 ≡

(gνJuLL/LR)
2 + (gνJdLL/LR)

2

(

1 + ϵ̄deJL

)2 , θνJL/R ≡ arctan

(

gνJuLL/LR

gνJdLL/LR

)

, (2.9)

where we took into account that SMEFT dimension-6 operators modify in general both NC and
CC processes. Let us notice that additional (linear) effects in the normalizing CC process due to
ϵdeR and ϵdeJS,P,T can be neglected because they are suppressed by the ratio mumd/E2 and meJ/E

respectively. The effect due to the possible difference between Ṽud and V PDG
ud can also be safely

neglected here, given the limited precision of the neutrino scattering experiments included in our
fit. Last, the same holds for the δVud contribution that appears if the unitarity of the CKM matrix
is used in the SM determination.
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g⌫JuLL =
1

2
� 2s2✓

3
+ �gZu

L +

✓
1� 4s2✓

3

◆
�gZ⌫J

L � 1

2
([clq]JJ11 + [c(3)lq ]JJ11),

g⌫JuLR = �2s2✓
3

+ �gZu
R � 4s2✓

3
�gZ⌫J

L � 1

2
[clu]JJ11,

g⌫JdLL = �1

2
+

s2✓
3
+ �gZd

L �
✓
1� 2s2✓

3

◆
�gZ⌫J

L � 1

2
([clq]JJ11 � [c(3)lq ]JJ11),

g⌫JdLR =
s2✓
3
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3
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2

⇣
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⌘
2

, ✓⌫JL/R ⌘ arctan

 
g⌫JuLL/LR

g⌫JdLL/LR

!
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where we took into account that SMEFT dimension-6 operators modify in general both NC and
CC processes. Let us notice that additional (linear) e↵ects in the normalizing CC process due to
✏deR and ✏deJS,P,T can be neglected because they are suppressed by the ratio mumd/E

2 and meJ/E

respectively. The e↵ect due to the possible di↵erence between Ṽud and V PDG

ud can also be safely
neglected here, given the limited precision of the neutrino scattering experiments included in our
fit. Last, the same holds for the �Vud contribution that appears if the unitarity of the CKM matrix
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SM contribution
from Z exchange

Effect of shifted 
Z couplings 

Trivial matching 
of 4-fermion operators

Chirality conserving (I, J = 1, 2, 3) Chirality violating (I, J = 1, 2, 3)

[Oℓq]IIJJ = (ℓ̄I σ̄µℓI)(q̄J σ̄µqJ) [Oℓequ]IIJJ = (ℓ̄jI ē
c
I)ϵjk(q̄

k
J ū

c
J)

[O(3)
ℓq ]IIJJ = (ℓ̄I σ̄µσiℓI)(q̄J σ̄µσiqJ) [O(3)

ℓequ]IIJJ = (ℓ̄jI σ̄µν ē
c
I)ϵjk(q̄

k
J σ̄µν ū

c
J)

[Oℓu]IIJJ = (ℓ̄I σ̄µℓI)(uc
Jσ

µūc
J) [Oℓedq]IIJJ = (ℓ̄jI ē

c
I)(d

c
Jq

j
J )

[Oℓd]IIJJ = (ℓ̄I σ̄µℓI)(dcJσ
µd̄cJ)

[Oeq]IIJJ = (ecIσµē
c
I)(q̄J σ̄

µqJ)
[Oeu]IIJJ = (ecIσµē

c
I)(u

c
Jσ

µūc
J)

[Oed]IIJJ = (ecIσµē
c
I)(d

c
Jσ

µd̄cJ)

Table 1: Flavor-conserving 2-lepton-2-quark operators in the SMEFT Lagrangian of Eq. (2.1).

One flavor (I = 1, 2, 3) Two flavors (I < J = 1, 2, 3)

[Oℓℓ]IIII =
1
2(ℓ̄I σ̄µℓI)(ℓ̄I σ̄

µℓI) [Oℓℓ]IIJJ = (ℓ̄I σ̄µℓI)(ℓ̄J σ̄µℓJ)
[Oℓℓ]IJJI = (ℓ̄I σ̄µℓJ)(ℓ̄J σ̄µℓI)

[Oℓe]IIII = (ℓ̄I σ̄µℓI)(ecIσ
µēcI) [Oℓe]IIJJ = (ℓ̄I σ̄µℓI)(ecJσ

µēcJ)
[Oℓe]JJII = (ℓ̄J σ̄µℓJ)(ecIσ

µēcI)
[Oℓe]IJJI = (ℓ̄I σ̄µℓJ)(ecJσ

µēcI)
[Oee]IIII =

1
2(e

c
Iσµē

c
I)(e

c
Iσ

µēcI) [Oee]IIJJ = (ecIσµē
c
I)(e

c
Jσ

µēcJ)

Table 2: Flavor-conserving 4-lepton operators in the SMEFT Lagrangian of Eq. (2.1).
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RG running in Fermi theory

where we neglect terms suppressed by Yukawa couplings [70, 71]. Integrating numerically the
coupled differential renormalization group equations we find

⎛

⎝

ϵdℓS
ϵdℓP
ϵdℓT

⎞

⎠

(µ = mZ)

=

⎛

⎝

0.58 1.42× 10−6 0.017
1.42× 10−6 0.58 0.017
1.53× 10−4 1.53× 10−4 1.21

⎞

⎠

⎛

⎝

ϵdℓS
ϵdℓP
ϵdℓT

⎞

⎠

(µ = 2 GeV)

, (2.19)

⎛

⎝

cledq
clequ
c(3)lequ

⎞

⎠

(µ = 1 TeV)

=

⎛

⎝

0.84 0 0
0 0.84 0.16
0 3.3× 10−3 1.04

⎞

⎠

⎛

⎝

cledq
clequ
c(3)lequ

⎞

⎠

(µ = mZ)

. (2.20)

These results use the QCD beta function and anomalous dimensions up to 3 loops, and we included
the bottom and top quark thresholds effects, see Ref. [67] for details. The diagonal entries would
change by ∼ 12% if just 1-loop QCD running were included, while two-loop results differ by only
∼ 1.5%. In our subsequent analysis we will use the numerical results in Eq. (2.19) and Eq. (2.20).

3 Low-energy experiments

3.1 Neutrino scattering

Neutrino scattering experiments measure the ratio of neutral- and charged-current neutrino or
anti-neutrino scattering cross sections on nuclei:

Rνi =
σ(νiN → νX)

σ(νiN → ℓ−i X)
, Rν̄i =

σ(ν̄iN → ν̄X)

σ(ν̄iN → ℓ+i X)
. (3.1)

At leading order and for isoscalar nucleus targets (equal number of protons and neutrons) one has
the so-called Llewellyn-Smith relations [72]:

Rνi = (gνiL )
2 + r(gνiR )

2, Rν̄i = (gνiL )
2 + r−1(gνiR )

2, (3.2)

where r is the ratio of ν to ν̄ charged-current cross sections on N that can be measured separately,
and the effective couplings gνiL/R are defined in Eq. (2.9). In some experiments the beam is a
mixture of neutrinos and anti-neutrinos, and the following ratio is measured

Rνiν̄i =
σ(νiN → νX) + σ(ν̄iN → ν̄X)

σ(νiN → ℓ−i X) + σ(ν̄iN → ℓ+i X)
= (gνiL )

2 + (gνiR )
2. (3.3)

νe data.- The CHARM experiment [73] made a measurement of electron-neutrino scattering
cross sections:

Rνeν̄e = 0.406+0.145
−0.135, (3.4)

where the uncertainties quoted here and everywhere else in this work are 1-sigma (68%C.L.) errors.
To avoid dealing with asymmetric errors we approximate it as Rνeν̄e = 0.41±0.14, and we estimate
the SM expectation as RSM

νeν̄e = 0.33. To our knowledge, this weakly constraining measurement is
currently the best probe of the electron-neutrino neutral-current interactions.
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2.2.1 Charged-current (CC) interactions: qq′ℓν

The low-energy CC interactions of leptons with the 1st generation quarks are described by the
effective 4-fermion operators:

Leff ⊃ −
2Ṽud

v2

[(

1 + ϵ̄deJL

)

(ēJ σ̄µνJ)(ūσ̄
µd) + ϵdeR (ēJ σ̄µνJ)(u

cσµd̄c) (2.4)

+
ϵdeJS + ϵdeJP

2
(ecJνJ)(u

cd) +
ϵdeJS − ϵdeJP

2
(ecJνJ)(ūd̄

c) + ϵdeJT (ecJσµννJ)(u
cσµνd) + h.c.

]

.

To make contact with low-energy flavor observables, we defined the rescaled CKM matrix element
Ṽud [55]. It is distinct from the actual Vud, i.e., the 11 element of the unitary matrix V that
appears in the Lagrangian after rotating quarks to the mass eigenstate basis. The two are related
by Vud = Ṽud(1+δVud) where δVud is chosen such as to impose the relation ϵ̄deL = −ϵdeR in Eq. (2.4).5

Let us note that in general Ṽud is also different from the phenomenological value obtained within
the SM, which we will denote by V PDG

ud . Currently this value comes from superallowed nuclear beta
decays [62] that depend on the vector couplings via the combination ϵ̄deL +ϵdeR . By setting ϵ̄deL = −ϵdeR ,
this nonstandard effect has been conveniently absorbed into the definition of Ṽud. However, the
relevant transitions also depend, each in a different way, on the scalar coefficient ϵdeS . Thus Ṽud

and V PDG
ud only coincide if ϵdeS vanishes, whereas in general it is not possible to redefine away all

new physics contributions through Ṽud. For this reason we treat Ṽud as a free parameter that is fit
together with the EFT Wilson coefficients [55]. In principle the difference between Ṽud and V PDG

ud

must be taken into account every time the latter is used to calculate any given SM prediction. In
practice, this effect will be negligible in most cases, given the strong constraints on ϵdeS from the
same nuclear decay data, cf. Eq. (3.17).

At tree level, the low-energy parameters are related to the SMEFT parameters as

δVud = −δgWq1
L − δgWq1

R + δgWµ
L −

1

2
[cℓℓ]1221 + [c(3)lq ]1111,

ϵdeR = −ϵ̄deL = δgWq1
R ,

ϵ̄dµL = −δgWq1
R + δgWµ

L − δgWe
L + [c(3)lq ]1111 − [c(3)lq ]2211,

ϵdeJS = −
1

2
([clequ]

∗
JJ11 + [cledq]

∗
JJ11) ,

ϵdeJP = −
1

2
([clequ]

∗
JJ11 − [cledq]

∗
JJ11) ,

ϵdeJT = −
1

2
[c(3)lequ]

∗
JJ11 , (2.5)

As indicated earlier, at O(Λ−2) we treat the CKM matrix as the unit matrix. In this limit, the
effective parameters in Eq. (2.4) depend only on flavor-diagonal vertex corrections and 4-fermion
operators. See Appendix B for more general expressions where non-diagonal elements of V are

5The bar in the ϵ̄deJL coefficient reminds the reader that this coefficient is not the usual ϵdeJL (see e.g. Ref. [55])
where the shift of new physics effects into Ṽud is not carried out. These two are trivially related by Vud (1+ ϵdeJL ) =
Ṽud (1 + ϵ̄deJL ).
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Scalar and tensor operators experience significant running due to QCD loop 
corrections


Electromagnetic running is most often negligible, unless it leads to mixing 
between stringently and weakly constrained operators 

Gonzalez-Alonso et al
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for full set of anomalous dimensions
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Atomic Parity Violation

Measurements of rate of rare parity-violating atomic transitions, for example 
7s → 6s transition in cesium


Results conveniently expressed in terms of atomic weak charge 
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3.2 Parity violation in atoms and in scattering

Atomic parity violation (APV) and parity-violating electron scattering experiments access the
parity-violating e↵ective couplings of electrons to quarks geqAV and geqV A. In particular, APV and
elastic scattering on a target with Z protons and N neutrons probe its so-called weak charge QW

that is given by
QW (Z,N) = �2

�
(2Z +N)geuAV + (Z + 2N)gedAV

�
, (3.7)

up to small radiative corrections [61, 77]. The most precise determination is performed in 133Cs,
where QW (55, 133 � 55) ⇡ �376geuAV � 422gedAV . Taking into account recent re-analyses [85] of
the measured parity-violating transitions in cesium atoms [86], the latest edition of the PDG
Review [61] quotes

QCs

W = �72.62± 0.43, (3.8)

where the SM prediction is QCs

W,SM = �73.25 ± 0.02 [61]. Other APV measurements, e.g. with
thallium atoms, probe slightly di↵erent combinations of the geqAV couplings, although with larger
errors.

Instead, a very di↵erent linear combination of geuAV and gedAV is precisely probed by measurements
of the weak charge of the proton, Qp

W = QW (1, 0), in scattering experiments with low-energy
polarized electrons. The QWEAK experiment [87] finds

Qp

W = 0.064± 0.012, (3.9)

where the SM prediction is Qp

W,SM = 0.0708± 0.0003 [61].
In order to access the e↵ective couplings geqV A one needs to resort to deep-inelastic scattering of

polarized electrons. Currently, the most precise of these is the PVDIS experiment [88] that studies
electron scattering on deuterium targets. The experiment is sensitive to the following two linear
combinations of e↵ective couplings [88]:

APVDIS

1

= 1.156⇥ 10�4

�
2geuAV � gedAV + 0.348(2geuV A � gedV A)

�

APVDIS

2

= 2.022⇥ 10�4

�
2geuAV � gedAV + 0.594(2geuV A � gedV A)

�
. (3.10)

The measured values are [88]

APVDIS

1

= (�91.1± 4.3)⇥ 10�6, APVDIS

2

= (�160.8± 7.1)⇥ 10�6, (3.11)

where the SM predictions are APVDIS

1,SM = �(87.7± 0.7)⇥ 10�6, APVDIS

2,SM = �(158.9± 1.0)⇥ 10�6 [88].
The PDG combines the results of APV, QWEAK, and PVDIS experiments into correlated

constraints on 3 linear combinations of geqV A and geqAV [61]:

0

@
geuAV + 2gedAV

2geuAV � gedAV

2geuV A � gedV A

1

A =

0

@
0.489± 0.005
�0.708± 0.016
�0.144± 0.068

1

A , ⇢ =

0

@
�0.94 0.42

�0.45

1

A . (3.12)

To disentangle geuV A and gedV A one needs more input from earlier (less precise) measurements of
parity-violating scattering. We include two results provided by the SAMPLE collaboration [89]:

geuV A � gedV A = �0.042± 0.057, geuV A � gedV A = �0.12± 0.074, (3.13)
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Current most precise measurement from cesium (Z=55, N=78) 
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2.2.3 Neutral-current charged-lepton interactions: qq``

We parametrize6 the 4-fermion operators with 2 charged leptons and 2 light quarks as
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2v2
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+
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[geJqV V (ēJ�µeJ)(q̄�µq) + geJqAA (ēJ�µ�5eJ)(q̄�µ�5q)] , (2.10)

where we momentarily switch to the Dirac notation with �
5

 L = � L, �5 R = + R. At tree level,
the parameters geiqXY are related to the SMEFT parameters as
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We do not display the expressions for geiqV V here because they will not be needed in the following.

2.2.4 Four-lepton interactions: ```` and ``⌫⌫

Although the main focus of this work are the LLQQ operators, in this section we provide a few
expressions concerning 4-lepton operators that will be needed in our subsequent phenomenological
analysis. First, we parametrize the ⌫-e interaction in the e↵ective theory below the weak scale as:

L
e↵

� � 1

v2
(⌫̄J �̄µ⌫J) [(g

⌫JeI
LV + g⌫JeILA ) (ēI �̄µeI) + (g⌫JeILV � g⌫JeILA ) (ecI�µē

c
I)] . (2.12)

Matching to the SMEFT one finds
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R � 1

2
(xIJ � [c`e]JJII) , (2.13)

6For the parity-violating electron couplings, another frequently used notation is geqAV ⌘ C1q, g
eq
V A ⌘ C2q.
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thallium atoms, probe slightly di↵erent combinations of the geqAV couplings, although with larger
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Instead, a very di↵erent linear combination of geuAV and gedAV is precisely probed by measurements
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polarized electrons. Currently, the most precise of these is the PVDIS experiment [88] that studies
electron scattering on deuterium targets. The experiment is sensitive to the following two linear
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2,SM = �(158.9± 1.0)⇥ 10�6 [88].
The PDG combines the results of APV, QWEAK, and PVDIS experiments into correlated
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To disentangle geuV A and gedV A one needs more input from earlier (less precise) measurements of
parity-violating scattering. We include two results provided by the SAMPLE collaboration [89]:

geuV A � gedV A = �0.042± 0.057, geuV A � gedV A = �0.12± 0.074, (3.13)
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from the scattering of polarized electrons on deuterons in the quasi-elastic kinematic regime at two
di↵erent values of the beam energy. Combining the likelihood obtained from Eq. (3.12) with the
SAMPLE results we find the following constraints:

0

BB@
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�gedAV

�geuV A

�gedV A

1
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0

BB@

0.0033± 0.0054
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BB@

�0.98 �0.37 �0.27
0.37 0.27

0.94

1
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Here �geqXY are shifts of the e↵ective couplings away from the SM values, whose dependence on the
dimension-6 Wilson coe�cients can be read o↵ from Eq. (2.11).

There are also results concerning e↵ective muon couplings to quarks. A CERN SPS exper-
iment [90] measured a DIS asymmetry using polarized muon and anti-muon scattering on an
isoscalar carbon target. The results can be recast as the measurement of the observable b

SPS

defined as

b
SPS

=
3

5e2v2

⇣
gµdAA � 2gµuAA + �(gµdV A � 2gµuV A)

⌘
, (3.15)

where � is the muon beam polarization fraction. Two measurements of b
SPS

at di↵erent beam
energies and polarization fractions were carried out [90]:

b
SPS

= � (1.47± 0.42)⇥ 10�4 GeV�2 for � = 0.81 ) bSM
SPS

= �1.56⇥ 10�4 GeV�2 ,

b
SPS

= � (1.74± 0.81)⇥ 10�4 GeV�2 for � = 0.66 ) bSM
SPS

= �1.57⇥ 10�4 GeV�2 .(3.16)

3.3 Low-energy flavor

The partonic process dj ! ui`⌫̄` underlies a plethora of (semi)leptonic hadron decays. Ref. [55]
studied d(s) ! u`⌫̄` transitions, such as nuclear, baryon and meson decays, within the SMEFT
framework and obtained bounds for 14 combinations of e↵ective low-energy couplings between light
quarks and leptons (✏dIeJi ). Ignoring the CKM mixing at O(⇤�2), the e↵ective couplings of strange
quarks depend only on flavor-o↵-diagonal Wilson coe�cients (see Appendix B). Marginalizing
over them, we obtain the likelihood for 6 combinations of e↵ective couplings together with the Ṽud

CKM parameter:8

0
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CCCCCCCCA

=
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0.97451(38)
�(1.2± 8.4) · 10�4

�(1.3± 1.7) · 10�2

(1.4± 1.3) · 10�3

(4.0± 7.8) · 10�6
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1. 0.88 0. 0.82 0.01 0. 0.01
0.88 1. 0. 0.73 0.01 0. 0.01
0. 0. 1. 0. �0.87 0. �0.87

0.82 0.73 0. 1. 0.01 0. 0.01
0.01 0.01 �0.87 0.01 1. 0. 0.9995
0. 0. 0. 0. 0. 1. 0.

0.01 0.01 �0.87 0.01 1. 0. 1.

1

CCCA
, (3.17)

in the MS scheme at µ = 2 GeV. The e↵ective couplings ✏ were defined in Section 2.2.1, and
�d

LP ⇡ ✏̄deL � ✏̄dµL + 24✏dµP . See Appendix B for the complete likelihood [55] that also involves the

8There is a small (but nonzero) correlation with the e↵ective couplings of strange quarks that we marginalized
over. This must be taken into account when going to specific scenarios. The full likelihood is available in Ref. [55].
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where we momentarily switch to the Dirac notation with �
5

 L = � L, �5 R = + R. At tree level,
the parameters geiqXY are related to the SMEFT parameters as

geJuAV = �1

2
+

4

3
s2✓ �

�
�gZu

L + �gZu
R

�
+

3� 8s2✓
3

�
�gZeJ

L � �gZeJ
R

�
+

1

2

h
c
(3)

lq � clq � clu + ceq + ceu

i

JJ11
,

geJdAV =
1

2
� 2

3
s2✓ �

�
�gZd

L + �gZd
R

�� 3� 4s2✓
3

�
�gZeJ

L � �gZeJ
R

�
+

1

2

h
�c

(3)

lq � clq � cld + ceq + ced

i

JJ11
,

geJuV A = �1

2
+ 2s2✓ �

�
1� 4s2✓

� �
�gZu

L � �gZu
R

�
+
�
�gZeJ

L + �gZeJ
R

�
+

1

2

h
c
(3)

lq � clq + clu � ceq + ceu

i

JJ11
,

geJdV A =
1

2
� 2s2✓ �

�
1� 4s2✓

� �
�gZd

L � �gZd
R

�� �
�gZeJ

L + �gZeJ
R

�
+

1

2

h
�c

(3)

lq � clq + cld � ceq + ced

i

JJ11
,

geJuAA =
1

2
+ �gZu

L � �gZu
R � �gZeJ

L + �gZeJ
R +

1

2

h
�c

(3)

lq + clq � clu � ceq + ceu

i

JJ11
,

geJdAA = �1

2
+ �gZd

L � �gZd
R + �gZeJ

L � �gZeJ
R +

1

2

h
c
(3)

lq + clq � cld � ceq + ced

i

JJ11
. (2.11)

We do not display the expressions for geiqV V here because they will not be needed in the following.

2.2.4 Four-lepton interactions: ```` and ``⌫⌫

Although the main focus of this work are the LLQQ operators, in this section we provide a few
expressions concerning 4-lepton operators that will be needed in our subsequent phenomenological
analysis. First, we parametrize the ⌫-e interaction in the e↵ective theory below the weak scale as:

L
e↵

� � 1

v2
(⌫̄J �̄µ⌫J) [(g

⌫JeI
LV + g⌫JeILA ) (ēI �̄µeI) + (g⌫JeILV � g⌫JeILA ) (ecI�µē

c
I)] . (2.12)

Matching to the SMEFT one finds

g⌫JeILV = �IJ � 1

2
+ 2s2✓ + �IJ

✓
2�gWeI

L � �gWe
L � �gWµ

L +
1

2
[c``]1221

◆

� �
1� 4s2✓

�
�gZ⌫J

L + �gZeI
L + �gZeI

R � 1

2
(xIJ + [c`e]JJII) ,

g⌫JeILA = �IJ � 1

2
+ �IJ

✓
2�gWeI

L � �gWe
L � �gWµ

L +
1

2
[c``]1221

◆

��gZ⌫J
L + �gZeI

L � �gZeI
R � 1

2
(xIJ � [c`e]JJII) , (2.13)

6For the parity-violating electron couplings, another frequently used notation is geqAV ⌘ C1q, g
eq
V A ⌘ C2q.

8



Neutrino Scattering

where we neglect terms suppressed by Yukawa couplings [70, 71]. Integrating numerically the
coupled di↵erential renormalization group equations we find

0

@
✏d`S
✏d`P
✏d`T

1

A

(µ = mZ)

=

0

@
0.58 1.42⇥ 10�6 0.017

1.42⇥ 10�6 0.58 0.017
1.53⇥ 10�4 1.53⇥ 10�4 1.21

1

A

0

@
✏d`S
✏d`P
✏d`T

1

A

(µ = 2 GeV)

, (2.19)

0

@
cledq
clequ
c
(3)

lequ

1

A

(µ = 1 TeV)

=

0

@
0.84 0 0
0 0.84 0.16
0 3.3⇥ 10�3 1.04

1

A

0

@
cledq
clequ
c
(3)

lequ

1

A

(µ = mZ)

. (2.20)

These results use the QCD beta function and anomalous dimensions up to 3 loops, and we included
the bottom and top quark thresholds e↵ects, see Ref. [67] for details. The diagonal entries would
change by ⇠ 12% if just 1-loop QCD running were included, while two-loop results di↵er by only
⇠ 1.5%. In our subsequent analysis we will use the numerical results in Eq. (2.19) and Eq. (2.20).

3 Low-energy experiments

3.1 Neutrino scattering

Neutrino scattering experiments measure the ratio of neutral- and charged-current neutrino or
anti-neutrino scattering cross sections on nuclei:

R⌫i =
�(⌫iN ! ⌫X)

�(⌫iN ! `�i X)
, R⌫̄i =

�(⌫̄iN ! ⌫̄X)

�(⌫̄iN ! `+i X)
. (3.1)

At leading order and for isoscalar nucleus targets (equal number of protons and neutrons) one has
the so-called Llewellyn-Smith relations [72]:

R⌫i = (g⌫iL )
2 + r(g⌫iR )

2, R⌫̄i = (g⌫iL )
2 + r�1(g⌫iR )

2, (3.2)

where r is the ratio of ⌫ to ⌫̄ charged-current cross sections on N that can be measured separately,
and the e↵ective couplings g⌫iL/R are defined in Eq. (2.9). In some experiments the beam is a
mixture of neutrinos and anti-neutrinos, and the following ratio is measured

R⌫i⌫̄i =
�(⌫iN ! ⌫X) + �(⌫̄iN ! ⌫̄X)

�(⌫iN ! `�i X) + �(⌫̄iN ! `+i X)
= (g⌫iL )

2 + (g⌫iR )
2. (3.3)

⌫e data.- The CHARM experiment [73] made a measurement of electron-neutrino scattering
cross sections:

R⌫e⌫̄e = 0.406+0.145
�0.135, (3.4)

where the uncertainties quoted here and everywhere else in this work are 1-sigma (68%C.L.) errors.
To avoid dealing with asymmetric errors we approximate it as R⌫e⌫̄e = 0.41±0.14, and we estimate
the SM expectation as RSM

⌫e⌫̄e = 0.33. To our knowledge, this weakly constraining measurement is
currently the best probe of the electron-neutrino neutral-current interactions.
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retained. Note also that the rescaled CKM matrix is no longer unitary. In particular we have
|Ṽud|2 + |Vus|2 ⇡ 1 +�

CKM

, where

�
CKM

= �2�Vud = 2�gWq1
L + 2�gWq1

R � 2�gWµ
L + [c``]1221 � 2[c(3)lq ]

1111

. (2.6)

Although the extraction of the Vus element is also a↵ected by dimension-6 operators, their con-
tribution to this unitarity test is suppressed by Vus and therefore it can be neglected in our
approximation (V ⇡ 1 at order ⇤�2). See Eq. (B.5) for the complete expression.

2.2.2 Neutral-current (NC) neutrino interactions: qq⌫⌫

The low-energy NC neutrino interactions with light quarks are described by the e↵ective 4-fermion
operators:

L
e↵

� � 2

v2
(⌫̄J �̄

µ⌫J) (g
⌫Jq
LL q̄�̄µq + g⌫JqLR qc�µq̄

c) . (2.7)

At tree level, the low-energy parameters are related to the SMEFT parameters as

g⌫JuLL =
1

2
� 2s2✓

3
+ �gZu

L +

✓
1� 4s2✓

3

◆
�gZ⌫J

L � 1

2
([clq]JJ11 + [c(3)lq ]JJ11),

g⌫JuLR = �2s2✓
3

+ �gZu
R � 4s2✓

3
�gZ⌫J

L � 1

2
[clu]JJ11,

g⌫JdLL = �1

2
+

s2✓
3
+ �gZd

L �
✓
1� 2s2✓

3

◆
�gZ⌫J

L � 1

2
([clq]JJ11 � [c(3)lq ]JJ11),

g⌫JdLR =
s2✓
3
+ �gZd

R +
2s2✓
3

�gZ⌫J
L � 1

2
[cld]JJ11. (2.8)

The experiments probing these couplings usually normalize the NC cross section using its CC
counterpart. Thus, it is convenient to define the following combinations of e↵ective couplings:

(g⌫JL/R)
2 ⌘

(g⌫JuLL/LR)
2 + (g⌫JdLL/LR)

2

⇣
1 + ✏̄deJL

⌘
2

, ✓⌫JL/R ⌘ arctan

 
g⌫JuLL/LR

g⌫JdLL/LR

!
, (2.9)

where we took into account that SMEFT dimension-6 operators modify in general both NC and
CC processes. Let us notice that additional (linear) e↵ects in the normalizing CC process due to
✏deR and ✏deJS,P,T can be neglected because they are suppressed by the ratio mumd/E

2 and meJ/E

respectively. The e↵ect due to the possible di↵erence between Ṽud and V PDG

ud can also be safely
neglected here, given the limited precision of the neutrino scattering experiments included in our
fit. Last, the same holds for the �Vud contribution that appears if the unitarity of the CKM matrix
is used in the SM determination.
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retained. Note also that the rescaled CKM matrix is no longer unitary. In particular we have
|Ṽud|2 + |Vus|2 ≈ 1 + ∆CKM, where

∆CKM = −2δVud = 2δgWq1
L + 2δgWq1

R − 2δgWµ
L + [cℓℓ]1221 − 2[c(3)lq ]1111. (2.6)

Although the extraction of the Vus element is also affected by dimension-6 operators, their con-
tribution to this unitarity test is suppressed by Vus and therefore it can be neglected in our
approximation (V ≈ 1 at order Λ−2). See Eq. (B.5) for the complete expression.

2.2.2 Neutral-current (NC) neutrino interactions: qqνν

The low-energy NC neutrino interactions with light quarks are described by the effective 4-fermion
operators:

Leff ⊃ −
2

v2
(ν̄J σ̄

µνJ ) (g
νJq
LL q̄σ̄µq + gνJqLR q

cσµq̄
c) . (2.7)

At tree level, the low-energy parameters are related to the SMEFT parameters as

gνJuLL =
1

2
−

2s2θ
3

+ δgZu
L +

(

1−
4s2θ
3

)

δgZνJ
L −

1

2
([clq]JJ11 + [c(3)lq ]JJ11),

gνJuLR = −
2s2θ
3

+ δgZu
R −

4s2θ
3
δgZνJ

L −
1

2
[clu]JJ11,

gνJdLL = −
1

2
+

s2θ
3
+ δgZd

L −
(

1−
2s2θ
3

)

δgZνJ
L −

1

2
([clq]JJ11 − [c(3)lq ]JJ11),

gνJdLR =
s2θ
3
+ δgZd

R +
2s2θ
3
δgZνJ

L −
1

2
[cld]JJ11. (2.8)

The experiments probing these couplings usually normalize the NC cross section using its CC
counterpart. Thus, it is convenient to define the following combinations of effective couplings:

(gνJL/R)
2 ≡

(gνJuLL/LR)
2 + (gνJdLL/LR)

2

(

1 + ϵ̄deJL

)2 , θνJL/R ≡ arctan

(

gνJuLL/LR

gνJdLL/LR

)

, (2.9)

where we took into account that SMEFT dimension-6 operators modify in general both NC and
CC processes. Let us notice that additional (linear) effects in the normalizing CC process due to
ϵdeR and ϵdeJS,P,T can be neglected because they are suppressed by the ratio mumd/E2 and meJ/E

respectively. The effect due to the possible difference between Ṽud and V PDG
ud can also be safely

neglected here, given the limited precision of the neutrino scattering experiments included in our
fit. Last, the same holds for the δVud contribution that appears if the unitarity of the CKM matrix
is used in the SM determination.
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Experiment Observable Experimental value SM value Ref.

CHARM (r = 0.456)
R⌫µ 0.3093± 0.0031 0.3156 [74]
R⌫̄µ 0.390± 0.014 0.370 [74]

CDHS (r = 0.393)
R⌫µ 0.3072± 0.0033 0.3091 [75]
R⌫̄µ 0.382± 0.016 0.380 [75]

CCFR  0.5820± 0.0041 0.5830 [76]

Table 3: The results of muon-neutrino scattering experiments most relevant for constraining
dimension-6 operators in the SMEFT. The SM values of R⌫µ and  include subleading correc-
tions [77], whereas those of R⌫̄µ are the tree-level values, which should be su�cient taking into
account the larger experimental errors.

⌫µ data.- For the muon-neutrino scattering the experimental data are much more abundant
and precise. We summarize the relevant results in Table 3. The observable  measured in CCFR
probes the following combinations of couplings [76]:

 = 1.7897(g⌫µL )2 + 1.1479(g⌫µR )2 �
0.0916

h
(g⌫µuLL )2 � (g⌫µdLL )2

i
+ 0.0782

h
(g⌫µuLR )2 � (g⌫µdLR )2

i

(1 + ✏̄dµL )2
. (3.5)

The additional small dependence on the di↵erence of the up and down e↵ective couplings appears
when one takes into account that the target (in this case iron) is not exactly isoscalar. For the
reasons explained in Ref. [61], in our fits we do not take into account the results of the NuTeV
experiment.

The observables in Table 3 constrain 3 independent combinations of the SMEFT coe�cients.
Rather then combining these results ourselves, we use the PDG combination [61] that also uses
additional experimental input [78] from neutrino induced coherent neutral pion production from
nuclei [79,80] and elastic neutrino-proton scattering [81,82]. Although their precision is quite lim-
ited, their inclusion allows one to constrain the 4 muon-neutrino e↵ective couplings to quarks [77].
The results of the latest PDG fit are [61]:

(g⌫µL )2 = 0.3005± 0.0028, (g⌫µR )2 = 0.0329± 0.0030,

✓
⌫µ
L = 2.50± 0.035, ✓

⌫µ
R = 4.56+0.42

�0.27. (3.6)

The correlations are quoted to be small in Ref. [61] and in the following we neglect them. We
symmetrize the uncertainty on ✓R taking the larger of the errors, so as to avoid dealing with
asymmetric errors. The corresponding SM predictions are given in Table 4. To evaluate their
dimension-6 EFT corrections in Eq. (2.8) we will use s2✓ = 0.23865, which is the central value in
the MS scheme at low energies [61]. We neglect the error of the SM predictions when it is much
smaller than the experimental uncertainties; otherwise we combine it in quadrature.

We note that LLQQ (and 4-lepton) operators can also be probed via matter e↵ects in neutrino
oscillations, see e.g. [83, 84]. However, the resulting constraints are not available in the model-
independent form where all 4-fermion operators can be present simultaneously. Moreover, neutrino
oscillations probe linear combinations of lepton-flavor-diagonal operators and of the o↵-diagonal
ones (which we marginalize over). For these reasons, we do not include the oscillation constraints
in this paper.
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The additional small dependence on the di↵erence of the up and down e↵ective couplings appears
when one takes into account that the target (in this case iron) is not exactly isoscalar. For the
reasons explained in Ref. [61], in our fits we do not take into account the results of the NuTeV
experiment.

The observables in Table 3 constrain 3 independent combinations of the SMEFT coe�cients.
Rather then combining these results ourselves, we use the PDG combination [61] that also uses
additional experimental input [78] from neutrino induced coherent neutral pion production from
nuclei [79,80] and elastic neutrino-proton scattering [81,82]. Although their precision is quite lim-
ited, their inclusion allows one to constrain the 4 muon-neutrino e↵ective couplings to quarks [77].
The results of the latest PDG fit are [61]:
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L = 2.50± 0.035, ✓

⌫µ
R = 4.56+0.42

�0.27. (3.6)

The correlations are quoted to be small in Ref. [61] and in the following we neglect them. We
symmetrize the uncertainty on ✓R taking the larger of the errors, so as to avoid dealing with
asymmetric errors. The corresponding SM predictions are given in Table 4. To evaluate their
dimension-6 EFT corrections in Eq. (2.8) we will use s2✓ = 0.23865, which is the central value in
the MS scheme at low energies [61]. We neglect the error of the SM predictions when it is much
smaller than the experimental uncertainties; otherwise we combine it in quadrature.

We note that LLQQ (and 4-lepton) operators can also be probed via matter e↵ects in neutrino
oscillations, see e.g. [83, 84]. However, the resulting constraints are not available in the model-
independent form where all 4-fermion operators can be present simultaneously. Moreover, neutrino
oscillations probe linear combinations of lepton-flavor-diagonal operators and of the o↵-diagonal
ones (which we marginalize over). For these reasons, we do not include the oscillation constraints
in this paper.
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For the up-type quark production, q = uJ , the four-fermion Wilson coe�cients cXY in Eq. (3.18)
and Eq. (3.19) are given by

cLL = [c`q]11JJ � [c(3)`q ]11JJ , cLR = [c`u]11JJ , cRL = [ceq]11JJ , cRR = [ceu]11JJ , (3.21)

while for the down-type quark production, q = dJ ,

cLL = [c`q]11JJ + [c(3)`q ]11JJ , cLR = [c`d]11JJ , cRL = [ceq]11JJ , cRR = [ced]11JJ . (3.22)

The operators O`equ, O
(3)

`equ and O`eqd do not enter at O(⇤�2) because they do not interfere with
the SM amplitudes due to the di↵erent chirality structure.

The LEP-2 experiment studied e+e� collisions at energies above the Z-pole, ranging from
p
s =

130 Gev to
p
s = 209 GeV. Available data includes the total cross section �(qq̄) ⌘ P

q=u,d,s,c,b �q

[91], as well as the total cross section and forward-backward asymmetry for the charm and for the
bottom quark production [92]. This amounts to 5 distinct observables, each measured at di↵erentp
s. From Eq. (3.18) and Eq. (3.19), given the energy dependence, each of these observables

should resolve 4 di↵erent combinations of dimension-6 Wilson coe�cients.9 In practice, the energy
range scanned by LEP-2 is not large enough to e�ciently disentangle these di↵erent combinations.
Therefore, in our fit we also include earlier, less precise measurements of heavy quark production
below the Z-pole. Specifically, we include the measurements from the VENUS [93] and TOPAZ [94]
collaborations of the cc̄ and bb̄ pair production at

p
s = 58 GeV (total cross sections and FB

asymmetries).

3.5 Other measurements

To increase the power of our global analysis, in this section we will combine the observables
described above with those considered previously in Refs. [33, 44]. At this point there are more
parameters than observables, hence more experimental input is needed. The SMEFT corrections
to low-energy observables typically depend on linear combinations of 4-fermion Wilson coe�cients
and vertex corrections �g. The latter can be independently constrained by the so-called pole
observables where a single W or Z boson is on-shell. We use the set of pole observables described
in Ref. [33]. As advertised in that reference, all diagonal �g can be simultaneously constrained with
a very good precision.10 Moreover, we use the low-energy and e+e� collider observables probing
4-lepton operators. Our analysis closely resembles that in Ref. [44] with the following di↵erences:

1. Instead of combining ourselves the results of di↵erent experiments measuring the scattering of
muon neutrinos on electrons, we use the PDG combination for the low-energy ⌫µ-e couplings
from Table 10.8 of Ref. [61]:

g
⌫µe
LV = �0.040± 0.015, g

⌫µe
LA = �0.507± 0.014, (3.23)

with the correlation coe�cient ⇢ = �0.05.

9Note that two of these combinations involve only vertex corrections though.
10The observables in Ref. [33] do not constrain �gZt

R , which is however not needed in our analysis.
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Precise results exist also for muon neutrino scattering on electrons

2.2.3 Neutral-current charged-lepton interactions: qq``

We parametrize6 the 4-fermion operators with 2 charged leptons and 2 light quarks as

L
e↵

� 1

2v2
[geJqAV (ēJ�µ�5eJ)(q̄�µq) + geJqV A(ēJ�µeJ)(q̄�µ�5q)]

+
1

2v2
[geJqV V (ēJ�µeJ)(q̄�µq) + geJqAA (ēJ�µ�5eJ)(q̄�µ�5q)] , (2.10)

where we momentarily switch to the Dirac notation with �
5

 L = � L, �5 R = + R. At tree level,
the parameters geiqXY are related to the SMEFT parameters as

geJuAV = �1

2
+

4

3
s2✓ �

�
�gZu

L + �gZu
R

�
+

3� 8s2✓
3

�
�gZeJ

L � �gZeJ
R

�
+

1

2

h
c
(3)

lq � clq � clu + ceq + ceu

i

JJ11
,

geJdAV =
1

2
� 2

3
s2✓ �

�
�gZd

L + �gZd
R

�� 3� 4s2✓
3

�
�gZeJ

L � �gZeJ
R

�
+

1

2

h
�c

(3)

lq � clq � cld + ceq + ced

i

JJ11
,

geJuV A = �1

2
+ 2s2✓ �

�
1� 4s2✓

� �
�gZu

L � �gZu
R

�
+
�
�gZeJ

L + �gZeJ
R

�
+

1

2

h
c
(3)

lq � clq + clu � ceq + ceu

i

JJ11
,

geJdV A =
1

2
� 2s2✓ �

�
1� 4s2✓

� �
�gZd

L � �gZd
R

�� �
�gZeJ

L + �gZeJ
R

�
+

1

2

h
�c

(3)

lq � clq + cld � ceq + ced

i

JJ11
,

geJuAA =
1

2
+ �gZu

L � �gZu
R � �gZeJ

L + �gZeJ
R +

1

2

h
�c

(3)

lq + clq � clu � ceq + ceu

i

JJ11
,

geJdAA = �1

2
+ �gZd

L � �gZd
R + �gZeJ

L � �gZeJ
R +

1

2

h
c
(3)

lq + clq � cld � ceq + ced

i

JJ11
. (2.11)

We do not display the expressions for geiqV V here because they will not be needed in the following.

2.2.4 Four-lepton interactions: ```` and ``⌫⌫

Although the main focus of this work are the LLQQ operators, in this section we provide a few
expressions concerning 4-lepton operators that will be needed in our subsequent phenomenological
analysis. First, we parametrize the ⌫-e interaction in the e↵ective theory below the weak scale as:

L
e↵

� � 1

v2
(⌫̄J �̄µ⌫J) [(g

⌫JeI
LV + g⌫JeILA ) (ēI �̄µeI) + (g⌫JeILV � g⌫JeILA ) (ecI�µē

c
I)] . (2.12)

Matching to the SMEFT one finds

g⌫JeILV = �IJ � 1

2
+ 2s2✓ + �IJ

✓
2�gWeI

L � �gWe
L � �gWµ

L +
1

2
[c``]1221

◆

� �
1� 4s2✓

�
�gZ⌫J

L + �gZeI
L + �gZeI

R � 1

2
(xIJ + [c`e]JJII) ,

g⌫JeILA = �IJ � 1

2
+ �IJ

✓
2�gWeI

L � �gWe
L � �gWµ

L +
1

2
[c``]1221

◆

��gZ⌫J
L + �gZeI

L � �gZeI
R � 1

2
(xIJ � [c`e]JJII) , (2.13)

6For the parity-violating electron couplings, another frequently used notation is geqAV ⌘ C1q, g
eq
V A ⌘ C2q.
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PDG combination

this process, which can be traced to lepton flavor universality of the SM couplings. Accidentally,
the LEP-2 observables depend very weakly on the combination [O``]1122 + [O``]1221 � [Oee]1122 due
to the fact that, numerically, (gZe

L,SM)
2 ⇡ (gZe

R,SM)
2.

We move to the process e�e+ ! e�e+ (Bhabha scattering). In Ref. [36], LEP-2 quotes the
di↵erential cross sections for the scattering angle cos ✓ in the interval [�0.9, 0.9], and the center-of-
mass energies from 189 GeV to 207 GeV. Bhabha scattering is a↵ected by the three four-leptons
operators [O``]1111, [Oee]1111 and [O`e]1111. In the limit of vanishing fermion masses their e↵ect on
the di↵erential cross section is given by

�
d�

d cos ✓
= 1

8⇡s
1
v2

⇢

u2



e2([c``]1111 + [cee]1111)

✓

1

s
+

1

t

◆

+ (g2L + g2Y )
⇣

�

gZe
L,SM

�2
[c``]1111 +

�

gZe
R,SM

�2
[cee]1111

⌘

✓

1

s�m2
Z

+
1

t�m2
Z

◆�

+ t2
"

[c`e]1111
e2

s
+ [c`e]1111

(g2L + g2Y )g
Ze
L,SMg

Ze
R,SM

s�m2
Z

#

+s2
"

[c`e]1111
e2

t
+ [c`e]1111

(g2L + g2Y )g
Ze
L,SMg

Ze
R,SM

t�m2
Z

#)

, (9)

where t = � s
2(1� cos ✓) and u = � s

2(1 + cos ✓). Again, the dependence on the vertex corrections
�gZe

L , �gZe
R is taken into account in our analysis but not displayed here. In principle, Bhabha

scattering at LEP-2 constrains independently all 3 four-electron operators, but again an approx-
imate flat direction along the direction [O``]1111 � [Oee]1111 arises due to the numerical accident
(gZe

L,SM)
2 ⇡ (gZe

R,SM)
2.

3.4 Low-energy neutrino scattering

Interactions of SM leptons can be probed by neutrino scattering on electrons. We focus on processes
with muon neutrinos: ⌫µ e� ! ⌫µ e�, and muon anti-neutrinos: ⌫µ e� ! ⌫µ e�, which were studied
at center-of-mass energies far below the Z-pole by the CHARM [38], CHARM-II [39], and BNL-
734 [40] experiments. The results are usually presented as constraints on the vector (gV ) and axial
(gA) coupling strength of the Z boson to electrons:

Experiment Ref. gV gA
CHARM-II [39] �0.035± 0.017 �0.503± 0.0017
CHARM [38] �0.06± 0.07 �0.54± 0.07
BNL-E734 [40] �0.107± 0.045 �0.514± 0.036

(10)

where the SM predicts gV = �0.0396, gA = �0.5064 [41].
In the presence of D=6 operators, the scattering cross sections measured in these experiments

are sensitive not only to the Z boson couplings but also to the four-leptons operators involving
the 2nd generation doublet: [O``]1122 and [O`e]2211. Nevertheless, at energies below the Z-pole, the
measurements of gV and gA can be easily recast as constraints on the parameters in our framework.
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For the up-type quark production, q = uJ , the four-fermion Wilson coefficients cXY in Eq. (3.18)
and Eq. (3.19) are given by

cLL = [cℓq]11JJ − [c(3)ℓq ]11JJ , cLR = [cℓu]11JJ , cRL = [ceq]11JJ , cRR = [ceu]11JJ , (3.21)

while for the down-type quark production, q = dJ ,

cLL = [cℓq]11JJ + [c(3)ℓq ]11JJ , cLR = [cℓd]11JJ , cRL = [ceq]11JJ , cRR = [ced]11JJ . (3.22)

The operators Oℓequ, O
(3)
ℓequ and Oℓeqd do not enter at O(Λ−2) because they do not interfere with

the SM amplitudes due to the different chirality structure.
The LEP-2 experiment studied e+e− collisions at energies above the Z-pole, ranging from

√
s =

130 Gev to
√
s = 209 GeV. Available data includes the total cross section σ(qq̄) ≡

∑

q=u,d,s,c,b σq
[91], as well as the total cross section and forward-backward asymmetry for the charm and for the
bottom quark production [92]. This amounts to 5 distinct observables, each measured at different√
s. From Eq. (3.18) and Eq. (3.19), given the energy dependence, each of these observables

should resolve 4 different combinations of dimension-6 Wilson coefficients.9 In practice, the energy
range scanned by LEP-2 is not large enough to efficiently disentangle these different combinations.
Therefore, in our fit we also include earlier, less precise measurements of heavy quark production
below the Z-pole. Specifically, we include the measurements from the VENUS [93] and TOPAZ [94]
collaborations of the cc̄ and bb̄ pair production at

√
s = 58 GeV (total cross sections and FB

asymmetries).

3.5 Other measurements

To increase the power of our global analysis, in this section we will combine the observables
described above with those considered previously in Refs. [33, 44]. At this point there are more
parameters than observables, hence more experimental input is needed. The SMEFT corrections
to low-energy observables typically depend on linear combinations of 4-fermion Wilson coefficients
and vertex corrections δg. The latter can be independently constrained by the so-called pole
observables where a single W or Z boson is on-shell. We use the set of pole observables described
in Ref. [33]. As advertised in that reference, all diagonal δg can be simultaneously constrained with
a very good precision.10 Moreover, we use the low-energy and e+e− collider observables probing
4-lepton operators. Our analysis closely resembles that in Ref. [44] with the following differences:

1. Instead of combining ourselves the results of different experiments measuring the scattering of
muon neutrinos on electrons, we use the PDG combination for the low-energy νµ-e couplings
from Table 10.8 of Ref. [61]:

gνµeLV = −0.040± 0.015, gνµeLA = −0.507± 0.014, (3.23)

with the correlation coefficient ρ = −0.05.

9Note that two of these combinations involve only vertex corrections though.
10The observables in Ref. [33] do not constrain δgZt

R , which is however not needed in our analysis.
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Moller Scattering

SLAC E158 experiment made a precise measurement of parity-violating 
asymmetry in Møller scattering e− e− → e− e− at very low energy (below GeV)

where xIJ = [c``]IIJJ if I  J or xIJ = [c``]JJII otherwise.
Last, we parameterize the parity-violating self-interaction of electrons in the e↵ective theory

below the weak scale as

L
e↵

� 1

2v2
geeAV [�(ē�̄µe)(ē�̄µe) + (ec�µē

c)(ec�µē
c)] , (2.14)

with the following SMEFT expression

geeAV =
1

2
� 2s2✓ � 2

�
1� 2s2✓

�
�gZe

L � 4s2✓�g
Ze
R � 1

2
[c``]1111 +

1

2
[cee]1111 . (2.15)

2.3 Renormalization and scale running of the Wilson coe�cients

In general the Wilson coe�cients display renormalization-scale dependence that is to be canceled
in the observables by the opposite dependence in the quantum corrections to the matrix elements.
Let us first discuss the QCD running, which can have a numerically significant impact due to the
magnitude of the strong coupling constant ↵s. This e↵ect is further enhanced by the large separa-
tion of scales of the experiments discussed in this work (from low-energy precision measurements to
LHC collisions). Among the coe�cients involved in our analysis, only the three chirality-violating

ones, clequ, cledq, c
(3)

lequ (i.e. ✏d`S,P,T in the low-energy EFT), present a non-zero 1-loop QCD anomalous
dimension, namely [63]

d ~x(µ)

d log µ
=

↵s(µ)

2⇡

0

@
�4 0 0
0 �4 0
0 0 4/3

1

A ~x(µ), (2.16)

where ~x refers to the SMEFT coe�cients ~c = (cledq, clequ, c
(3)

lequ) if the scale µ is above the weak
scale or to the low-energy EFT coe�cients ~✏ = (✏d`S , ✏

d`
P , ✏

d`
T ) below it. We find that higher-loop

QCD corrections to the running are numerically significant, and we include them in our analysis.7

On the other hand we neglect in this work the electromagnetic/weak running of the SMEFT
Wilson coe�cients, which is expected to have a much smaller numerical importance simply due
to the smallness of the corresponding coupling constants. There is however one exception to
this, namely the chirality-violating operators discussed above, for two reasons: (i) contrary to the
QCD running, the QED/weak running involves mixing between these operators; (ii) pion decay
makes possible to set bounds of order 10�7 on the pseudoscalar coupling ✏d`P (µlow), which can give
important bounds on scalar and tensor via mixing despite the smallness of ↵em. In order to take
into account this e↵ect, Eq. (2.16) has to be replaced by

d ~x(µ)

d log µ
=

✓
↵em(µ)

2⇡
�x +

↵s(µ)

2⇡
�s

◆
~x(µ) , (2.17)

where we will use the 1-loop QED (electroweak) anomalous dimension, �x = �em(w)

, to evolve the
coe�cients ~✏ (~c) below (above) the weak scale [67–70]:

�
em

=

0

@
2

3

0 4
0 2

3

4
1

24

1

24

�20

9

1

A , �
w

=

0

B@
� 4

3c2✓
0 0

0 � 11

6c2✓

15

c2✓
+ 9

s2✓

0 5

16c2✓
+ 3

16s2✓

1

9c2✓
� 3

2s2✓

1

CA , (2.18)

7We use the 3-loop QCD anomalous dimension [64], and we include the threshold corrections at mb and mt

extracted from Refs. [65] and [66] for scalar and tensor operators respectively. See Ref. [67] for further details.
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2. Instead of recasting the weak mixing angle measured in parity-violating electron scattering
[95], we use the PDG result for the parity-violating effective self-coupling of electrons [61]:

geeAV = 0.0190± 0.0027. (3.24)

3. To evaluate SMEFT corrections to e+e− collider observables we use the electroweak couplings
at the scale mZ (instead of 200 GeV).

4. We add the measurement of the τ polarization Pτ and its FB asymmetry AP in e+e− → τ+τ−

production at
√
s = 58 GeV by the VENUS collaboration [96]:

Pτ = 0.012± 0.058, AP = 0.029± 0.057. (3.25)

The analytic expressions for Pτ and AP in function of the SMEFT parameters and
√
s are

easy to obtain but are too long to be quoted here. Instead, we give the numerical expressions
at

√
s = 58 GeV:

δPτ ≈ −0.87δgZe
L − 0.93δgZe

R + 0.17δgZτ
L + 0.25δgZτ

R

+ 0.21[cee]1133 + 0.32[cle]1133 − 0.34[cle]3311 − 0.20([cℓℓ]1133 + [cℓℓ]1331),

δAP ≈ 0.13δgZe
L + 0.19δgZe

R − 0.65δgZτ
L − 0.70δgZτ

R

+ 0.16[cee]1133 − 0.25[cle]1133 + 0.24[cle]3311 − 0.15([cℓℓ]1133 + [cℓℓ]1331). (3.26)

5. We include the constraints from the trident production νµγ∗ → νµµ+µ− [97–99]. Dimension-6
operators modify the trident cross section as

σtrident
σtrident, SM

≈ 1 + 2
gνµµ,SMLV δgνµµLV + gνµµ,SMLA δgνµµLA

(gνµµ,SMLV )2 + (gνµµ,SMLA )2
. (3.27)

The first 3 modifications lead to negligible numerical differences compared to the fit in Ref. [44].
The 4th one allows us to break the degeneracy between [cℓe]1133 and [cℓe]3311 and improve constraints
on other 4-lepton operators involving τ . The last modification leads to a constraint on one linear
combination of 4-muon dimension-6 operators.

4 Global Fit

4.1 Scope

The main goal of this paper is to provide model-independent constraints on flavor-diagonal 2-
lepton-2-quark operators summarized in Table 1. Among the chirality-conserving ones, most of
the observables considered in this paper probe the operators involving the 1st generation leptons.
There are 21 such operators and for an easy reference we list here their Wilson coefficients:

[cℓq]11JJ , [c(3)ℓq ]11JJ , [cℓu]11JJ , [cℓd]11JJ , [ceq]11JJ , [ceu]11JJ , [ced]11JJ , J = 1, 2, 3. (4.1)

16

Tau decays (leptonic only for the moment)


Trident muon production 


Electron-positron collisions below Z-pole in TRISTAN


…

Also including



Low-energy flavor
Probing charge current QQLL interactions in low-energy flavor transitions


 Using 𝝿→e𝜈, 𝝿→𝜇𝜈, superallowed nuclear decays, semi-leptonic kaon decays, 
and  differential distributions in 𝝿→e𝜈𝛾 decays


Entangled with determination of SM parameters: CKM matrix elements Vud 
and Vus, so careful analysis needed

2.2.1 Charged-current (CC) interactions: qq′ℓν

The low-energy CC interactions of leptons with the 1st generation quarks are described by the
effective 4-fermion operators:

Leff ⊃ −
2Ṽud

v2

[(

1 + ϵ̄deJL

)

(ēJ σ̄µνJ)(ūσ̄
µd) + ϵdeR (ēJ σ̄µνJ)(u

cσµd̄c) (2.4)

+
ϵdeJS + ϵdeJP

2
(ecJνJ)(u

cd) +
ϵdeJS − ϵdeJP

2
(ecJνJ)(ūd̄

c) + ϵdeJT (ecJσµννJ)(u
cσµνd) + h.c.

]

.

To make contact with low-energy flavor observables, we defined the rescaled CKM matrix element
Ṽud [55]. It is distinct from the actual Vud, i.e., the 11 element of the unitary matrix V that
appears in the Lagrangian after rotating quarks to the mass eigenstate basis. The two are related
by Vud = Ṽud(1+δVud) where δVud is chosen such as to impose the relation ϵ̄deL = −ϵdeR in Eq. (2.4).5

Let us note that in general Ṽud is also different from the phenomenological value obtained within
the SM, which we will denote by V PDG

ud . Currently this value comes from superallowed nuclear beta
decays [62] that depend on the vector couplings via the combination ϵ̄deL +ϵdeR . By setting ϵ̄deL = −ϵdeR ,
this nonstandard effect has been conveniently absorbed into the definition of Ṽud. However, the
relevant transitions also depend, each in a different way, on the scalar coefficient ϵdeS . Thus Ṽud

and V PDG
ud only coincide if ϵdeS vanishes, whereas in general it is not possible to redefine away all

new physics contributions through Ṽud. For this reason we treat Ṽud as a free parameter that is fit
together with the EFT Wilson coefficients [55]. In principle the difference between Ṽud and V PDG

ud

must be taken into account every time the latter is used to calculate any given SM prediction. In
practice, this effect will be negligible in most cases, given the strong constraints on ϵdeS from the
same nuclear decay data, cf. Eq. (3.17).

At tree level, the low-energy parameters are related to the SMEFT parameters as

δVud = −δgWq1
L − δgWq1

R + δgWµ
L −

1

2
[cℓℓ]1221 + [c(3)lq ]1111,

ϵdeR = −ϵ̄deL = δgWq1
R ,

ϵ̄dµL = −δgWq1
R + δgWµ

L − δgWe
L + [c(3)lq ]1111 − [c(3)lq ]2211,

ϵdeJS = −
1

2
([clequ]

∗
JJ11 + [cledq]

∗
JJ11) ,

ϵdeJP = −
1

2
([clequ]

∗
JJ11 − [cledq]

∗
JJ11) ,

ϵdeJT = −
1

2
[c(3)lequ]

∗
JJ11 , (2.5)

As indicated earlier, at O(Λ−2) we treat the CKM matrix as the unit matrix. In this limit, the
effective parameters in Eq. (2.4) depend only on flavor-diagonal vertex corrections and 4-fermion
operators. See Appendix B for more general expressions where non-diagonal elements of V are

5The bar in the ϵ̄deJL coefficient reminds the reader that this coefficient is not the usual ϵdeJL (see e.g. Ref. [55])
where the shift of new physics effects into Ṽud is not carried out. These two are trivially related by Vud (1+ ϵdeJL ) =
Ṽud (1 + ϵ̄deJL ).
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from the scattering of polarized electrons on deuterons in the quasi-elastic kinematic regime at two
different values of the beam energy. Combining the likelihood obtained from Eq. (3.12) with the
SAMPLE results we find the following constraints:

⎛

⎜

⎜

⎝

δgeuAV

δgedAV

δgeuV A

δgedV A

⎞

⎟

⎟

⎠

=

⎛

⎜

⎜

⎝

0.0033± 0.0054
−0.0047± 0.0051
−0.041± 0.081
−0.032± 0.11

⎞

⎟

⎟

⎠

, ρ =

⎛

⎜

⎜

⎝

−0.98 −0.37 −0.27
0.37 0.27

0.94

⎞

⎟

⎟

⎠

. (3.14)

Here δgeqXY are shifts of the effective couplings away from the SM values, whose dependence on the
dimension-6 Wilson coefficients can be read off from Eq. (2.11).

There are also results concerning effective muon couplings to quarks. A CERN SPS exper-
iment [90] measured a DIS asymmetry using polarized muon and anti-muon scattering on an
isoscalar carbon target. The results can be recast as the measurement of the observable bSPS
defined as

bSPS =
3

5e2v2

(

gµdAA − 2gµuAA + λ(gµdV A − 2gµuV A)
)

, (3.15)

where λ is the muon beam polarization fraction. Two measurements of bSPS at different beam
energies and polarization fractions were carried out [90]:

bSPS = − (1.47± 0.42)× 10−4GeV−2 for λ = 0.81 ⇒ bSMSPS = −1.56× 10−4GeV−2 ,

bSPS = − (1.74± 0.81)× 10−4GeV−2 for λ = 0.66 ⇒ bSMSPS = −1.57× 10−4GeV−2 .(3.16)

3.3 Low-energy flavor

The partonic process dj → uiℓν̄ℓ underlies a plethora of (semi)leptonic hadron decays. Ref. [55]
studied d(s) → uℓν̄ℓ transitions, such as nuclear, baryon and meson decays, within the SMEFT
framework and obtained bounds for 14 combinations of effective low-energy couplings between light
quarks and leptons (ϵdIeJi ). Ignoring the CKM mixing at O(Λ−2), the effective couplings of strange
quarks depend only on flavor-off-diagonal Wilson coefficients (see Appendix B). Marginalizing over
them, we obtain the likelihood for 6 combinations of effective couplings together with the Ṽud CKM
parameter:8

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

Ṽud

∆CKM

ϵdeR
ϵdeS
ϵdeP
ϵdeT

∆d
LP

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

=

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

0.97451(38)
−(1.2± 8.4) · 10−4

−(1.3± 1.7) · 10−2
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0. 0. 0. 0. 0. 1. 0.
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⎟
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⎠

, (3.17)

in the MS scheme at µ = 2 GeV. The effective couplings ϵ were defined in Section 2.2.1, and
∆d

LP ≈ ϵ̄deL − ϵ̄dµL + 24ϵdµP . See Appendix B for the complete likelihood [55] that also involves the

8 There is a small (but nonzero) correlation with the effective couplings of strange quarks that we marginalized
over. This must be taken into account when going to specific scenarios. The full likelihood is available in Ref. [55].
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Constraints on SMEFT
Follow program started 13 years ago by Skiba and Han, however allowing for 
arbitrary flavor structure  


Combine low-energy measurements with input from LEP and LEP-2


LEP constrains Z boson couplings to fermion with per-mille to percent precision


LEP-2 constrains some linear combinations of 4-lepton and  
2-quark-2-lepton operators 


264 experimental inputs constraining 61 combinations of SMEFT Wilson coefficients 


Most often, enough handles to lift flat directions among concerned operators

retained. Note also that the rescaled CKM matrix is no longer unitary. In particular we have
|Ṽud|2 + |Vus|2 ⇡ 1 +�

CKM

, where

�
CKM

= �2�Vud = 2�gWq1
L + 2�gWq1

R � 2�gWµ
L + [c``]1221 � 2[c(3)lq ]

1111

. (2.6)

Although the extraction of the Vus element is also a↵ected by dimension-6 operators, their con-
tribution to this unitarity test is suppressed by Vus and therefore it can be neglected in our
approximation (V ⇡ 1 at order ⇤�2). See Eq. (B.5) for the complete expression.

2.2.2 Neutral-current (NC) neutrino interactions: qq⌫⌫

The low-energy NC neutrino interactions with light quarks are described by the e↵ective 4-fermion
operators:

L
e↵

� � 2

v2
(⌫̄J �̄

µ⌫J) (g
⌫Jq
LL q̄�̄µq + g⌫JqLR qc�µq̄

c) . (2.7)

At tree level, the low-energy parameters are related to the SMEFT parameters as

g⌫JuLL =
1

2
� 2s2✓

3
+ �gZu

L +

✓
1� 4s2✓

3

◆
�gZ⌫J

L � 1

2
([clq]JJ11 + [c(3)lq ]JJ11),

g⌫JuLR = �2s2✓
3

+ �gZu
R � 4s2✓

3
�gZ⌫J

L � 1

2
[clu]JJ11,

g⌫JdLL = �1

2
+

s2✓
3
+ �gZd

L �
✓
1� 2s2✓

3

◆
�gZ⌫J

L � 1

2
([clq]JJ11 � [c(3)lq ]JJ11),

g⌫JdLR =
s2✓
3
+ �gZd

R +
2s2✓
3

�gZ⌫J
L � 1

2
[cld]JJ11. (2.8)

The experiments probing these couplings usually normalize the NC cross section using its CC
counterpart. Thus, it is convenient to define the following combinations of e↵ective couplings:

(g⌫JL/R)
2 ⌘

(g⌫JuLL/LR)
2 + (g⌫JdLL/LR)

2

⇣
1 + ✏̄deJL

⌘
2

, ✓⌫JL/R ⌘ arctan

 
g⌫JuLL/LR

g⌫JdLL/LR

!
, (2.9)

where we took into account that SMEFT dimension-6 operators modify in general both NC and
CC processes. Let us notice that additional (linear) e↵ects in the normalizing CC process due to
✏deR and ✏deJS,P,T can be neglected because they are suppressed by the ratio mumd/E

2 and meJ/E

respectively. The e↵ect due to the possible di↵erence between Ṽud and V PDG

ud can also be safely
neglected here, given the limited precision of the neutrino scattering experiments included in our
fit. Last, the same holds for the �Vud contribution that appears if the unitarity of the CKM matrix
is used in the SM determination.

7

and so on…
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Constraints on SMEFT
SM parameter. Marginalizing over Ṽud we find the following constraints:
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(4.8)
The correlation matrix is available in the Mathematica notebook attached as a supplemental
material [56]. The complete Gaussian likelihood for the Wilson coefficients of dimension-6 SMEFT
operators at the scale µ = mZ can be reproduced from Eq. (4.8) and that correlation matrix. For
user’s convenience, in the notebook the likelihood is displayed ready-made for cut and paste, and
we also provide a translation to the Warsaw basis. That likelihood is relevant to constrain the
masses and couplings of any new physics model whose leading effects at the weak scale can be

22

AA, Gonzalez-Alonso, Mimouni
1706.03783

Scale suppressing 

these dimension-6 
operators between 
250 GeV and tens 
of TeV 



Magic Notebook
Full likelihood in different SMEFT bases available in electronic form
 in publicly available Mathematica notebook
https://www.dropbox.com/s/26nh71oebm4o12k/SMEFTlikelihood.nb?dl=0

https://www.dropbox.com/s/26nh71oebm4o12k/SMEFTlikelihood.nb?dl=0


Constrained scenarios
Full likelihood can be easily used to constrain more specific BSM scenarios by 
replacing general Wilson coefficients with appropriate model dependent expressions 
and minimizing likelihood wrt new variables


For example, we can constrain SMEFT to well-known oblique corrections scenario   

constraints on the oblique parameters:
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The constraints on the oblique corrections are dominated by the pole-observables and lepton-pair
production in LEP-2. The new observables probing LLQQ operators do not affect these constraints
significantly. In particular, the low-energy flavor observables do not probe the oblique corrections
at all. Compared to the fit in Ref. [44], we only observe a small shift of the central values.16

5 Comments on LHC reach

Four-fermion LLQQ operators can be probed via the qq̄ → ℓ+ℓ− processes in hadron colliders.
Previously several groups set bounds on their Wilson coefficients through the reanalysis within the
SMEFT of various ATLAS and CMS exotic searches (see e.g. [22, 104, 105]). In this section we
derive analogue bounds using the recently published measurements of the differential Drell-Yan
cross sections in the dielectron and dimuon channels [106]. Our main goal here is to present a brief
comparison between the sensitivity of the LHC run-1 and of the low-energy observables discussed
in this paper.

Precision measurements in hadron collider environments are challenging. Individual observables
are typically measured with much worse accuracy than in lepton colliders or very low-energy
experiments. However, the effect of 4-fermion operators on scattering amplitudes grows with
the collision energy E as ∼ c4fE2/v2. As a consequence, the superior energy reach of the LHC
compensates the inferior precision in this case [22, 104]. This message was recently stressed in
Ref. [107] in the context of the determination of the oblique parameters, which encode new physics
corrections to propagators of the electroweak gauge bosons. It turns out that the effect of the
oblique parameters W and Y [11] on the high invariant-mass tail of dσ(pp→ℓ+ℓ−)

dmℓℓ
also grows with E

(as opposed to that of the more familiar S and T parameters [102]). The current LHC constraint
on W and Y are already competitive with those obtained from low-energy precision experiments,
and will become more accurate with the full run-2 dataset at

√
s ≈ 13-14 TeV [107]. In the

SMEFT framework, W and Y correspond to a particular pattern of vertex corrections and 4-
fermion operators [44, 103], cf. Eq. (4.13). Therefore we expect that similar arguments apply,
and that competitive bounds on the LLQQ operators can be extracted from ATLAS and CMS
measurements of dσ(pp→ℓ+ℓ−)

dmℓℓ
. Below we present some quantitative illustrations of this message.

In the situation when only one LLQQ operator is present at a time and all other dimension-
6 operators are absent, the sensitivity of the LHC run-1 and of the low-energy observables is
contrasted in Table 6. To estimate the LHC reach we use 3 bins in the range mℓℓ ∈ [0.5-1.5] TeV of
the ATLAS measurement of the differential e+e− and µ+µ− cross sections at the 8 TeV LHC (20.3
fb−1) [106]. This is shown under the label of LHC1.5 constraints in Table 4, and it is compared
to the combined constraints using the low-energy input. For the chirality conserving (ee)(qq)

16The O(10%) increase of some errors compared to [44] is due to using different values of the electroweak couplings
to evaluate the dimension-6 shifts of the LEP-2 observables.
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where the rows and columns correspond to the ordering of the parameters in Eq. (4.10) and
Eq. (4.11). The correlation matrix with more significant digits (necessary for practical applications)
is given in the Mathematica notebook attached as supplemental material [56].

Thanks to lifting the exact and approximate flat directions, in the U(3)5 symmetric limit
typical constraints on the dimension-6 parameters are at the per-mille level. We note that the
vertex corrections are constrained slightly better than when only the pole observables are used [33],
thanks to the precise input from low-energy flavor measurements. Most of the LLQQ operators
are constrained at the percent level.

Also working in the flavor-universal limit, Ref. [41] obtained bounds on 10 additional SMEFT
coefficients using Higgs data and WW production at LEP2. The only flavor-universal SMEFT
coefficients unconstrained by these two fits are those that are either CP-violating, or contain only
quarks, only gluons or only higgses.

4.6 Oblique parameters

In the literature, precision constraints on new physics are often quoted in the language of oblique
parameters S, T , W , Y [11, 102]. These correspond to a further restriction of the pattern of the
dimension-6 parameters in the U(3)5 symmetric case [44, 103]:

δgZf
L/R = α

⎧

⎨

⎩

T 3
fL/R

T −W − g2Y
g2L
Y

2
+Qf

2g2Y T − (g2L + g2Y )S + 2g2YW +
2g2Y (2g2L−g2Y )

g2L
Y

4(g2L − g2Y )

⎫

⎬

⎭

,

δgWe
L =

α

2(g2L − g2Y )

(

−
g2L + g2Y

2
S + g2LT − (g2L − 2g2Y )W + g2Y Y

)

,

c(3)ℓℓ = c(3)ℓq = c(3)qq = −αW, cf1f2 = −4Yf1Yf2

g2Y
g2L
αY , (4.13)

where Yfi is the fermionic hypercharge. With this pattern, all vertex corrections and 4-fermion
operators can be redefined away, such that new physics affects only the electroweak gauge boson
propagators. Restricting the U(3)5 symmetric likelihood using Eq. (4.13) we find the following
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Our low-energy oblique parameters fit



Comparing LHC and low-energy bounds

(ee)(qq)
[c(3)ℓq ]1111 [cℓq]1111 [cℓu]1111 [cℓd]1111 [ceq]1111 [ceu]1111 [ced]1111

Low-energy 0.45± 0.28 1.6± 1.0 2.8± 2.1 3.6± 2.0 −1.8± 1.1 −4.0± 2.0 −2.7± 2.0
LHC1.5 −0.70+0.66

−0.74 2.5+1.9
−2.5 2.9+2.4

−2.9 −1.6+3.4
−3.0 1.6+1.8

−2.2 1.6+2.5
−1.5 −3.1+3.6

−3.0

LHC1.0 −0.84+0.85
−0.92 3.6+3.6

−3.7 4.4+4.4
−4.7 −2.4+4.8

−4.7 2.4+3.0
−3.2 1.9+2.5

−1.9 −4.6+5.4
−4.1

LHC0.7 −1.0+1.4
−1.5 5.9± 7.2 7.4± 9.0 −3.6± 8.7 3.8± 5.9 2.1+3.8

−2.9 −8± 10

(µµ)(qq)
[c(3)ℓq ]2211 [cℓq]2211 [cℓu]2211 [cℓd]2211 [ceq]2211 [ceu]2211 [ced]2211

Low-energy −0.2± 1.2 4± 21 18± 19 −20± 37 40± 390 −20± 190 40± 390
LHC1.5 −1.22+0.62

−0.70 1.8± 1.3 2.0± 1.6 −1.1± 2.0 1.1± 1.2 2.5+1.8
−1.4 −2.2± 2.0

LHC1.0 −0.72+0.81
−0.87 3.2+4.0

−3.5 3.9+4.8
−4.4 −2.3+4.9

−4.7 2.3+3.1
−3.2 1.6+2.3

−1.8 −4.4± 5.3
LHC0.7 −0.7+1.3

−1.4 3.2+10.3
−4.8 4.3+12.5

−6.4 −3.6± 9.0 3.8± 6.2 1.6+3.4
−2.7 −8± 11

Chirality-violating operators (µ = 1 TeV)
[cℓequ]1111 [cℓedq]1111 [c(3)ℓequ]1111 [cℓequ]2211 [cℓedq]2211 [c(3)ℓequ]2211

Low-energy (−0.6± 2.4)10−4 (0.6± 2.4)10−4 (0.4± 1.4)10−3 0.014(49) −0.014(49) −0.09(29)
LHC1.5 0± 2.0 0± 2.6 0± 0.91 0± 1.2 0± 1.6 0± 0.56
LHC1.0 0± 2.9 0± 3.7 0± 1.4 0± 2.9 0± 3.7 0± 1.4
LHC0.7 0± 5.3 0± 6.6 0± 2.6 0± 5.5 0± 6.9 0± 2.6

Table 6: Comparison of low-energy and LHC constraints (in units of 10−3) on the Wilson coef-
ficients of the chirality-conserving (ee)(qq) and (µµ)(qq) and chirality-violating operators defined
at the scale µ = 1 TeV. The 68% CL bounds are derived assuming only one 4-fermion operator
is present at a time, and that the vertex corrections and [cℓℓ]1221 are absent. The low-energy
constraints combine all experimental input summarized in Table 4. The LHC1.5 constraints use
the mℓℓ ∈ [0.5-1.5] TeV bins of the measured differential e+e− and µ+µ− cross sections at the 8
TeV LHC [106]. We also separately show the constraints obtained when the mℓℓ ∈ [0.5-1.0] TeV
(LHC1.0) and mℓℓ ∈ [0.5-0.7] TeV (LHC0.7) data range is used.
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Low-energy and LHC comparable for chirality-preserving eeqq operators
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Low-energy superior for chirality-violating operators
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In the near future, a lot of progress can be achieved, 
both my more precise low-energy  measurements, 
as well as by including larger class of observables


