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Résumé

L’existence de physique au-delà du modèle standard semble de plus en plus évidente, no-
tamment en raison d’observations d’anomalies dans plusieurs phénomènes. De plus, certains
phénomènes tels que la matière noire, la gravité et l’asymétrie baryonique dans l’univers
sont inexpliqués. Ce mémoire s’intéresse à la recherche de nouvelle physique à basse éner-
gie par l’approche des EFT et se penche sur les prédictions à basse énergie d’une EFT en
particulier : la SMEFT. Le premier article présenté s’intéresse aux anomalies présentes dans
les données expérimentales liées aux mésons B et teste les prédictions de la SMEFT pour la
désintégration b→ cτ−ντ jusqu’à la dimension massive 6. Le but est de vérifier si la symétrie
du modèle standard, soit SU(3)C × SU(2)L × U(1)Y , est réalisée linéairement à haute éner-
gie par la nouvelle physique. Le deuxième article détermine les relations de correspondance
entre les opérateurs LEFT jusqu’à la dimension massive 6 et les opérateurs SMEFT jusqu’à
la dimension massive 8.

Mots Clés : Modèle standard, Nouvelle physique, Brisure spontanée de symétrie, Théorie
efficace de champ, Coefficients de Wilson, Théorie efficace de champ du modèle standard,
Théorie efficace de champ de basse énergie
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Abstract

The existence of physics beyond the Standard Model seems more and more obvious, partially
because of observations of anomalies in many phenomena. Moreover, some phenomena such
as dark matter, gravity and the baryon asymmetry in the universe are unexplained. This
thesis addresses the search of New Physics at low energies using the EFT approach and looks
into the predictions of low-energy predictions of one EFT in particular: SMEFT. The first
paper presented addresses anomalies present in experimental data related to B mesons and
tests the predictions of SMEFT for b → cτ−ντ decays up to mass dimension 6. The goal
is to check if the Standard Model symmetry, being SU(3)C × SU(2)L × U(1)Y , is linearly
realized at high energy by the New Physics. The second paper determines the matching
conditions between LEFT operators up to mass dimension 6 and SMEFT operators up to
mass dimension 8.

Keywords: Standard model, New physics, Spontaneous symmetry breakdown, Effective
field theory, Wilson coefficients, Standard model effective field theory, Low-energy effective
field theory
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Chapitre 1

Le modèle standard

Dans ce chapitre, beaucoup de détails sont donnés sur le modèle standard. L’importance
d’en discuter en large est due au fait que plusieurs des paramètres et les normalisations de
plusieurs des champs concernés sont impactés par la nouvelle physique, tel que discuté à la
sous-section 2.3.1 (et dans le deuxième article présenté dans ce mémoire).

1.1. Particules et lagrangien
Le modèle standard (MS) fournit une explication extrêmement précise de pratiquement

toutes les observations venant d’accélérateurs de particules. Il inclut les particules du tableau

Fig. 1.1. Les particules du MS.



présenté à la figure 1.1 et leurs interactions sont décrites par le lagrangien suivant :

LMS = − 1
4G

A
µνG

Aµν − 1
4W

I
µνW

Iµν − 1
4BµνB

µν + (DµH)†(DµH) +
∑

ψ∈{q,u,d,l,e}
ψi /Dψ

− λ
(
H†H − 1

2v
2
)2
−
[
(Ye)prlperH + (Yu)prqpurH̃ + (Yd)prqpdrH + h.c.

]
.

(1.1.1)

Les différents paramètres et champs qui y ont été introduits seront expliqués dans les pro-
chaines sous-sections. Ce lagrangien est construit de sorte à avoir comme symétrie le groupe
de jauge SU(3)C×SU(2)L×U(1)Y où les sous-groupes SU(3)C et SU(2)L×U(1)Y décrivent
respectivement les interactions fortes et électrofaibles. Ainsi, la dérivée covariante de la
théorie est Dµ ≡ ∂µ + igsT

AGA
µ + igtIW I

µ + ig′Y Bµ, où les TA (pour A ∈ {1,2,3,4,5,6,7,8}),
les tI (pour I ∈ {1,2,3}) et Y sont les générateurs respectifs des sous-groupes SU(3)C ,
SU(2)L et U(1)Y . Ils sont appelés respectivement générateurs de couleur, d’isospin faible
et d’hypercharge. Les TA et les tI sont nuls lorsqu’ils agissent sur des particules qui ne
ressentent pas les interactions fortes et faibles, respectivement. Dans le cas contraire, leurs
expressions sont les suivantes:

T 1 = 1
2


0 1 0
1 0 0
0 0 0

 , T 2 = 1
2


0 −i 0
i 0 0
0 0 0

 , T 3 = 1
2


1 0 0
0 −1 0
0 0 0

 , T 4 = 1
2


0 0 1
0 0 0
1 0 0

 ,

T 5 = 1
2


0 0 −i
0 0 0
i 0 0

 , T 6 = 1
2


0 0 0
0 0 1
0 1 0

 , T 7 = 1
2


0 0 0
0 0 −i
0 i 0

 , T 8 = 1
2
√

3


1 0 0
0 1 0
0 0 −2

 ,
t1 = 1

2

0 1
1 0

 , t2 = 1
2

0 −i
i 0

 , t3 = 1
2

1 0
0 −1

 .
Il est à noter que les coefficients devant les termes cinétiques des bosons de jauge sont −1

4.
Ceci sert à assurer que les équations du mouvement des bosons de jauge soient les bonnes.
Note : si le coefficient du terme cinétique d’un boson de jauge donné n’avait pas été −1

4, il
aurait toujours été possible de redéfinir la normalisation du champ du boson de jauge afin
que le coefficient devienne −1

4.

1.1.1. Fermions et boson de Higgs dans les représentations de
SU(2)L

Seuls les fermions de chiralité gauche ressentent les interactions faibles. On place donc
les fermions de chiralités gauche et droite respectivement dans des doublets (sur lesquels les
tI agissent) et singulets de SU(2)L. Concrètement, les champs fermioniques ψ apparaissant
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dans LMS prennent les expressions suivantes (dans SU(2)L):

lp =
νLp
eLp

 , qp =
uLp
dLp

 , ep =
[
eRp

]
, up =

[
uRp

]
, dp =

[
dRp

]
.

Ici, les indices p représentent des indices générationnels, allant de 1 à 3. Par exemple,
eR1, eR2 et eR3 représentent respectivement un électron, un muon et un tau (chacun de
chiralité droite). On note l’absence des neutrinos de chiralité droite, ce qui s’avère être un
fait de la nature. Il est à noter que pour que les termes décrivant des interactions (appelées
interactions de Yukawa) entre les fermions et le champ H vérifient la symétrie du sous-groupe
SU(2)L × U(1)Y , il faut que ce champ soit un doublet de SU(2)L:

H = 1√
2

h+

h0

 ,
où h0 représente le boson de Higgs et h+ représente un champ analogue ayant une charge
électrique de +1.

1.1.2. Fermions dans les représentations de SU(3)C

Parmi les fermions, seuls les quarks ressentent les interactions fortes. On place donc
les quarks et les leptons respectivement dans des triplets (sur lesquels les TA agissent) et
singulets de SU(3)C . Concrètement, les champs fermioniques ψ apparaissant dans LMS

prennent les expressions suivantes (dans SU(3)C):

q =


q

q

q

 , l =
[
l
]
.

Ici, q et l représentent respectivement un quark et un lepton quelconque (ou une composante
du doublet de SU(2)L correspondant dans le cas d’une chiralité gauche). Les couleurs sont
ici utilisées pour représenter la couleur, soit la charge correspondant aux interactions fortes
(note : les quarks ne sont pas réellement colorés; ce n’est qu’une définition).

1.1.3. Bosons de jauge

Les champs apparaissant dans les termes cinétiques des bosons de jauge sont les suivants
(où les fABC sont les constantes de structures de SU(3)C et les εIJK sont les symboles de
Levi-Civita et les constantes de structures de SU(2)L):

GA
µν = ∂µG

A
ν − ∂νGA

µ − gsfABCGB
µG

C
ν ,

W I
µν = ∂µW

I
ν − ∂νW I

µ − gf IJKW J
µW

K
ν ,

Bµν = ∂µBν − ∂νBµ.
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Les champs GA
µ représentent les gluons et les champs W I

µ et Bµ représentent les bosons de
gauge électrofaibles.

1.2. Brisure spontanée de symétrie
Dans le lagrangien (1.1.1), seul le doublet H a un terme de masse. Dans les faits, il est

connu que les fermions, ainsi que les bosons W et Z, ont des masses. Leur apparition se fait
par le mécanisme de Higgs, qui est un processus de brisure spontanée de symétrie (BSS) par
lequel le boson de Higgs acquiert une valeur d’attente dans le vide (vev, de l’anglais vacuum
expectation value). Concrètement:

H = 1√
2

h+

h0

→ 1√
2

 0
h0 + v

 ,
où la valeur de v est celle qui minimise le potentiel de Higgs

V (h0) = λ

4
[
(h0)2 − v2

]2
.

Ceci est lourd d’implications physiques. Premièrement, il est à noter que la symétrie
SU(3)C × SU(2)L × U(1)Y est brisée car le champ H, qui porte un isospin faible et une
hypercharge, est remplacé par un champ qui ne porte aucune de ces charges.

1.2.1. Apparition des masses des fermions

Lorsque la transformation du champH est substituée dans le lagrangien (1.1.1), les termes
décrivant des interactions de Yukawa génèrent des masses fermioniques. Par exemple,

−(Ye)prlperH → −
(Ye)pr√

2
eLpeRrh

0 − (Ye)prv√
2

eLpeRr.

Le premier terme après BSS décrit une interaction de Yukawa avec le boson de Higgs après
BSS. Le deuxième terme génère les masses des leptons chargés.

1.2.2. Apparition des masses des bosons électrofaibles

Une autre conséquence de la BSS est l’apparition de masses pour les bosons électrofaibles,
ce qui n’est pas surprenant considérant que la symétrie SU(3)C×SU(2)L×U(1)Y est brisée.
Pour le voir, il faut d’abord noter que les bosons électrofaibles avant BSS (les W I

µ et Bµ)
ne correspondent pas aux bosons électrofaibles qui sont connus (après BSS), soit les bosons
W± (W±

µ ), le boson Z (Zµ) et le photon (Aµ). Soit les transformations

W 1
µ →

W+
µ +W−

µ√
2

, W 2
µ →

i(W+
µ −W−

µ )
√

2
,

W 3
µ → cos θW Zµ + sin θW Aµ, Bµ → − sin θW Zµ + cos θW Aµ,
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où θW est l’angle de Weinberg. Maintenant, le champ H (avant BSS) est un doublet d’isospin
faible et porte une hypercharge de Y = +1/2, mais ne porte aucune couleur. Sa dérivée
covariante est donc (avant BSS)

DµH = ∂µH + igtIW I
µH + ig′

2 BµH

et (après BSS)

DµH →
1√
2
∂µh

0 + i

2

 gW+
µ

−(g cos θW + g′ sin θW )√
2

Zµ + (g′ cos θW − g sin θW )√
2

Aµ

 (h0 + v).

Ainsi, le terme cinétique (DµH)†(DµH) génère les termes de masses

g2v2

4 W−
µ W

+µ + 1
2

(g cos θW + g′ sin θW )2v2

4 ZµZ
µ + 1

2
(g′ cos θW − g sin θW )2v2

4 AµA
µ.

Maintenant, le photon a une masse nulle. Ceci force une valeur pour l’angle de Weinberg:
cos θW = g√

g2 + g′2
et sin θW = g′√

g2 + g′2
. Les masses des bosons de jauge électrofaibles

sont alors
MW

2 = g2v2

4 , MZ
2 = (g2 + g′2)v2

4 , MA
2 = 0.

Le terme cinétique (DµH)†(DµH) génère également le terme cinétique du boson de Higgs
après BSS:

1
2(∂µh0)(∂µh0).

Le coefficient 1
2 sert à assurer que l’équation du mouvement du boson de Higgs soit la

bonne, c’est-à-dire qu’elle se réduise, en l’absence d’interaction, à l’équation de Klein-Gordon.
Comme mentionné plus haut pour les bosons de jauge, si le coefficient du terme cinétique
du boson de Higgs n’avait pas été le bon, il aurait toujours été possible de redéfinir la
normalisation du champ correspondant afin que le coefficient prenne la bonne valeur.

1.2.3. Interactions entre fermions et bosons de jauge

Le lagrangien (1.1.1) ne semble a priori inclure aucune des interactions entres les fermions
et les bosons de jauge. En réalité, elles sont cachées dans les termes cinétiques des fermions.
En effet, la dérivée covariante après BSS est

Dµ = ∂µ + igsT
AGA

µ + ig√
2

(t+W+
µ + t−W−

µ ) + igZ(t3 − sin2 θW Q)Zµ + ieQAµ,

où Q ≡ t3 + Y est le générateur de charge électrique et t± ≡ t1 ± it2, gZ ≡
√
g2 + g′2 et

e ≡ g sin θW est la charge électrique élémentaire. Ainsi, les termes cinétiques des fermions
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dans (1.1.1) génèrent les couplages

lpi /Dlp →


− g√

2
(νLp /W

+
eLp + eLp /W

−
νLp)

− gZ
2 νLp

/ZνLp + gZ

(1
2 − sin2 θW

)
eLp /ZeLp + e eLp /AeLp

 ,

qpi /Dqp →



− gs(uLpTA /G
A
uLp + dLpT

A /G
A
dLp)−

g√
2

(uLp /W
+
dLp + dLp /W

−
uLp)

+ gZ
2

(
−1

2 + 2
3 sin2 θW

)
uLp /ZuLp + gZ

(1
2 −

1
3 sin2 θW

)
dLp /ZdLp

− 2e
3 uLp /AuLp + e

3 dLp
/AdLp


,

epi /Dep → −gZ sin2 θW eRp /ZeRp + e eRp /AeRp,

upi /Dup → −gsuRpTA /G
A
uRp + 2gZ

3 sin2 θW uRp /ZuRp −
2e
3 uRp /AuRp,

dpi /Ddp → −gsdRpTA /G
A
dRp −

gZ
3 sin2 θW dRp /ZdRp + e

3 dRp
/AdRp,

qui correspondent aux interactions connues entre les fermions et les bosons de jauge.

1.2.4. Réalisation de la symétrie du MS

Empiriquement, la symétrie qui est vérifiée est SU(3)C×U(1)Q, du moins à basse énergie.
Concrètement, ceci se manifeste par la conservation de la couleur et de la charge électrique
lors de tout processus. Ainsi, le MS est une construction dans laquelle symétrie SU(3)C ×
SU(2)L×U(1)Y est réalisée par le doublet SU(2)L de Higgs (H) et des bosons de jauge GA,
W I et B, qui sont reliés aux particules connues de la manière décrite dans cette section. On
parle alors d’une réalisation linéaire. Ce concept est discuté en plus grands détails dans [1]
et [2].
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Chapitre 2

Les théories efficaces de champ

2.1. Motivation
Étant donné une théorie de champ sous-jacente à l’étude de certains phénomènes (par

exemple le MS pour la physique des particules), une théorie efficace de champ (EFT, de
l’anglais Effective Field Theory) consiste à approximer à basse énergie les effets de la physique
au-delà de cette théorie, appelée nouvelle physique (NP). Pour cela, elle fait appel à des
opérateurs décrivant des états initiaux et finaux de processus et ignore les détails de leurs
états intermédiaires, qui peuvent être approximés comme étant ponctuels à basse énergie
sous l’hypothèse que cette physique inconnue est lourde par rapport à l’échelle énergétique
considérée. Cette hypothèse est généralement admise car sinon cette NP aurait déjà été
détectée. Une EFT est définie par un ensemble de particules, souvent celles de la théorie
acceptée, et une symétrie. En effet, même si la nature de la NP est par définition inconnue,
une EFT définie à une certaine échelle énergétique doit respecter les symétries présentes à
cette échelle. Tous les opérateurs qui concernent ces particules et qui vérifient la symétrie
correspondante sont considérés, avec chacun un coefficient inconnu. Puisque chaque terme
d’un lagrangien doit avoir une dimension massive de 4, les coefficients des opérateurs de
dimensions massives supérieures sont supprimés par des puissances d’un paramètre Λ, appelé
échelle de supression, qui a des dimensions de masse et qui est beaucoup plus grand que toute
masse considérée dans l’EFT. Ainsi, le lagrangien d’une EFT prend la forme

L =
∞∑
i=4

∑
O∈Oi

CO
Λi−4 O,

où Oi est l’ensemble des opérateurs de l’EFT ayant une dimension massive i et les coefficients
CO sont des coefficients sans dimension physique appelés coefficients de Wilson (WC, de
l’anglais Wilson Coefficient). Ainsi, l’approche des EFT est perturbative et les opérateurs de
dimensions massives supérieures contribuent aux ordres supérieurs du développement. Note
: dans chaque référence bibliographique de ce mémoire, les lagrangiens des EFT prennent la



forme
L =

∞∑
i=4

∑
O∈Oi

Cref
O O,

avec les Cref
O = CO

Λi−4 comme WC, qui ont des dimensions massives 4 − i. Ceci n’est qu’une
différence de notation et cela ne change rien à la physique en tant que telle.

2.2. Exemple : théorie de Fermi
Avant que les interactions faibles ne soient bien comprises, les désintégrations fermio-

niques à basse énergie étaient décrites par la théorie de Fermi, qui est une EFT. Soit, en
guise d’exemple, une désintégration ψ1 → ψ2ψ3ψ4, où la masse de ψ1 est plus grande que
celles des trois autres fermions combinés, afin que la désintégration soit permise. Le processus
est décrit par

ψ1

ψ2

ψ3

ψ4 .
Le lagrangien efficace correspondant est

Leff = −GF



CV,LL(ψ2Lγµψ1L)(ψ3Lγ
µψ4L) + CV,LR(ψ2Lγµψ1L)(ψ3Rγ

µψ4R)

+ CV,RL(ψ2Rγµψ1R)(ψ3Lγ
µψ4L) + CV,RR(ψ2Rγµψ1R)(ψ3Rγ

µψ4R)

+ CS,LL(ψ2Rψ1L)(ψ3Rψ4L) + CS,LR(ψ2Rψ1L)(ψ3Lψ4R)

+ CS,RL(ψ2Lψ1R)(ψ3Rψ4L) + CS,RR(ψ2Lψ1R)(ψ3Lψ4R)

+ CT,L(ψ2Rσµνψ1L)(ψ3Rσ
µνψ4L) + CT,R(ψ2Lσµνψ1R)(ψ3Lσ

µνψ4R)


, (2.2.1)

où GF = 1,166×10−5 GeV−2 est la constante de Fermi et les WC (sans dimension physique) C
sont a priori inconnus, par définition d’une EFT. Les indices V , S et T sur les WC réfèrent aux
types des structures de Dirac (vectorielle, scalaire et tensorielle) des termes qu’ils multiplient.
Les valeurs des WC sont déterminées phénoménologiquement, en comparant leurs prédictions
avec des données expérimentales.

2.2.1. Détermination phénoménologique des WC

Il est à noter que les quatre premiers termes du lagrangien (2.2.1) conservent la chiralité,
tandis que les six autres termes ne la conservent pas. Or, dans la limite m3 → 0 et m4 → 0,
le fermion ψ3 et l’antifermion ψ4 ne peuvent avoir respectivement qu’une chiralité gauche
et droite. Ainsi, la désintégration dans cette limite n’est permise que si les interactions
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faibles ne conservent pas la chiralité. Une façon de tester expérimentalement si la chiralité
est conservée ou non par les interactions faibles est de comparer les taux des désintégrations
π+ → νee et π+ → νµµ. Les seules variables physiques qui distinguent ces deux processus
sont les masses des leptons produits. Les résultats expérimentaux donnent

Γ(π+ → νee)
Γ(π+ → νµµ) ' 1,2× 10−4 = O

(
me

2

mµ
2

)
.

Ainsi, les taux de désintégration semblent diminuer à mesure que le lepton chargé produit
est léger, puisque la masse de ce dernier est la seule variable qui change. Les interactions
faibles conservent donc la chiralité. Ainsi,

CS,LL = CS,LR = CS,RL = CS,RR = CT,L = CT,R = 0

et le lagrangien efficace (2.2.1) se réduit donc à

Leff = −GF

CV,LL(ψ2Lγµψ1L)(ψ3Lγ
µψ4L) + CV,LR(ψ2Lγµψ1L)(ψ3Rγ

µψ4R)

+ CV,RL(ψ2Rγµψ1R)(ψ3Lγ
µψ4L) + CV,RR(ψ2Rγµψ1R)(ψ3Rγ

µψ4R)

 .
Maintenant, des données expérimentales sur les distributions angulaires des désintégrations
µ → νµeνe permettent de déterminer que CV,LL = 1/

√
2 et CV,LR = CV,RL = CV,RR = 0.

Ainsi, le boson chargé qui médie les interactions faibles ne couple qu’aux fermions de chiralité
gauche. Le lagrangien de la théorie de Fermi se réduit donc à

Leff = −GF√
2

(ψ2Lγµψ1L)(ψ3Lγ
µψ4L).

2.2.2. Physique se cachant derrière la théorie de Fermi

Aujourd’hui, il est connu que la théorie de Fermi est une approximation de basse énergie
des interactions faibles. Par exemple, soit la désintégration b → cτντ . La théorie de Fermi
décrit ce processus comme

b

c

τ

ντ .
Le vrai processus est
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b

c

τ

ντ

W−

.
Puisque le boson W est massif, ses effets à basse énergie peuvent être considérés comme
ponctuels. Autrement dit, le propagateur peut à toute fin pratique être remplacé par un
vertex. Le premier diagramme est donc une approximation du deuxième.

2.3. Théorie efficace de champ du modèle standard
Bien que le MS fasse des prédictions empiriques qui ont été vérifiées avec une précision

remarquable, des anomalies présentes dans des données expérimentales, allant jusqu’à 4σ,
suggèrent l’existence de physique au-delà du MS. Il est également sujet à des problèmes
théoriques. Il est entre autres incapable d’expliquer la matière noire, la gravité et l’asymé-
trie baryonique dans l’univers. La théorie efficace de champ du modèle standard (SMEFT,
de l’anglais Standard Model Effective Field Theory) fait l’hypothèse que la NP est signifi-
cativement plus faible que le MS à basse énergie, sinon elle aurait déjà été détectée. Elle
fait également l’hypothèse que la symétrie du MS est réalisée linéairement à haute énergie
par la NP (cette dernière doit vérifier cette symétrie à haute énergie ; par contre rien ne
garantit que cette réalisation est linéaire). En d’autres mots, la SMEFT a le MS comme
ordre principal de son développemment perturbatif, les mêmes particules que celles du MS
et SU(3)C × SU(2)L × U(1)Y comme symétrie ; et le mécanisme de BSS est le même que
dans le MS. Le lagrangien le plus général sous ces conditions est

LSMEFT = LMS +
∞∑
i=5

∑
Q∈Qi

CQ
Λi−4 Q,

où LMS est le lagrangien du MS, soit (1.1.1), Λ est l’échelle de supression et pour tout
i > 4, Qi est l’ensemble des opérateurs de dimension massive i formés avec les particules
du MS et qui vérifient la symétrie SU(3)C × SU(2)L × U(1)Y , c’est-à-dire qui décrivent
des processus conservant à la fois la couleur, l’isospin faible et l’hypercharge. Des bases
complètes des opérateurs SMEFT de dimension massive 6, 7 et 8 sont données dans [3], [4]
et [5] (respectivement).
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2.3.1. Effets sur les champs et paramètres du MS

En plus de nouvelles interactions efficaces aux ordres supérieurs, la SMEFT implique
des redéfinitions des normalisations des champs et des corrections aux paramètres du MS.
La raison à cela est que les opérateurs de dimensions supérieurs contenant des champs de
Higgs contribuent, après BSS, des termes où le champ de Higgs a été remplacé par sa vev.
Certains de ces termes interfèrent alors avec les termes du lagrangien (1.1.1). Par exemple,
le terme 1

Λ2CHD(H†DµH)∗(H†DµH) du lagrangien SMEFT ajoute notamment, après BSS,
une perturbation au terme cinétique du boson de Higgs :

1
Λ2CHD(H†DµH)∗(H†DµH)→ vT

2

4Λ2CHD(∂µh0)(∂µh0),

où vT est la vev du boson de Higgs, corrigée aux ordres supérieurs. Ainsi, pour que le terme
cinétique du boson de Higgs soit adéquatement normalisé, c’est-à-dire qu’il ait 1/2 comme
coefficient, il faut redéfinir la normalisation du champ de Higgs.

Dans le second article présenté dans ce mémoire, ces corrections et redéfinitions de champs
sont calculées jusqu’à la dimension massive 8, et les contributions des ordres supérieurs sont
ignorées. Note : cette analyse est une extension d’une partie du travail fait dans [6], où ces
corrections et redéfinitions sont calculées jusqu’à la dimension massive 6.

2.4. Théorie efficace de champ de basse énergie
La théorie efficace de champ de basse énergie (LEFT, de l’anglais Low-Energy Effective

Field Theory) cherche à décrire les effets de la NP à basse énergie. Pour ce faire, la contrainte
posée par la symétrie SU(3)C ×SU(2)L×U(1)Y est relâchée et la symétrie moins restrictive
SU(3)C × U(1)Q est imposée à la place ; la motivation derrière ceci étant que la physique
connue à basse énergie obéit à cette dernière. Ainsi, la LEFT a les particules légères du MS,
c’est-à-dire toutes à l’exception du quark t et des bosons W , Z et de Higgs, sa symétrie est
SU(3)C×U(1)Q et les termes de l’ordre principal, correspondant aux opérateurs de dimension
massive 4, sont ceux générés par le MS après BSS. En d’autres mots, le lagrangien est

LLEFT = Λ
[
C ν
pr

(νTLpCνLr) + h.c.
]

+ L(dim 4)
LEFT +

∞∑
i=5

∑
O∈Oi

CO
Λi−4 O,

où Λ est l’échelle de supression, Oi est l’ensemble des opérateurs de dimension massive i
(pour tout i > 4) qui décrivent des processus n’impliquant que des particules légères du
MS et qui conservent à la fois la couleur et la charge électrique (c’est-à-dire qui vérifient la
symétrie SU(3)C × U(1)Q). νTLpCνLr est le seul opérateur LEFT de dimension massive 3 et
représente le terme de masse du neutrino. La partie incluant les opérateurs de dimension
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massive 4 est

L(dim 4)
LEFT = − 1

4G
A
µνG

Aµν − 1
4FµνF

µν +
∑

ψ∈{uL,uR,dL,dR,νL,eL,eR}
ψi /Dψ

−
[
(Me)preLpeRr + (Mu)pruLpuRr + (Md)prdLpdRr + h.c.

]
,

où la dérivée covariante de la théorie est Dµ = ∂µ + igsT
AGA

µ + ieQAµ et les Mψ sont les
matrices de masses des différents fermions dans le modèle standard. Une base complète des
opérateurs LEFT de dimension massive 6 est donnée dans [6].

2.5. Application aux désintégrations b→ cτν

Des anomalies par rapport au MS dans les données expérimentales d’observables liées à la
désintégration b → cτντ suggère de la NP à l’œuvre dans ce processus. Il est donc possible
d’utiliser ces données pour tester l’hypothèse, sous-jacente à la SMEFT, selon laquelle la
symétrie du MS est réalisée linéairement à haute énergie. Les termes du lagrangien LEFT
décrivant ce processus sont

Lb→cτντLEFT = 1
Λ2


CV,LL
νedu
3332

∗(cLγµbL)(τLγµνLτ ) + CV,LR
νedu
3332

∗(cRγµbR)(τLγµνLτ )

+ CS,RR
νedu
3332

∗(cRbL)(τRνLτ ) + CS,RL
νedu
3332

∗(cLbR)(τRνLτ )

+ CT,RR
νedu
3332

∗(cRσµνbL)(τRσµννLτ )



= 1
Λ2


CV,LL
νedu
3332

∗OV,LLνedu
3332

† + CV,LR
νedu
3332

∗OV,LRνedu
3332

†

+ CS,RR
νedu
3332

∗OS,RRνedu
3332

† + CS,RL
νedu
3332

∗OS,RLνedu
3332

† + CT,RR
νedu
3332

∗OT,RRνedu
3332

†

 .
En se référant aux résultats du deuxième article présenté dans ce mémoire, les relations de
correspondances SMEFT des WC de ces cinq termes sont les suivantes :

1
Λ2C

V,LL
νedu
3332

∗ = 2
Λ2

[
C

(3)
lq

3332
+ vT

2

2Λ2

(
C

(3)
l2q2H2

3332
− iC(5)

l2q2H2

3332

)]
− g2

2MW
2 [Wl]eff33[Wq]eff23

∗
,

1
Λ2C

V,LR
νedu
3332

∗ = vT
2

4Λ4 Cl2udH2
2333

∗ − g2

2MW
2 [Wl]eff33[WR]eff23

∗
,

1
Λ2C

S,RR
νedu
3332

∗ = 1
Λ2

[
C

(1)
lequ
3332

+ vT
2

2Λ2

(
C

(1)
lequH2

3332
− C(2)

lequH2

3332

)]
,

1
Λ2C

S,RL
νedu
3332

∗ = 1
Λ2

[
C ledq

3332
+ vT

2

2Λ2

(
C

(1)
leqdH2

3332
− C(2)

leqdH2

3332

)]
,

1
Λ2C

T,RR
νedu
3332

∗ = 1
Λ2

[
C

(3)
lequ
3332

+ vT
2

2Λ2

(
C

(3)
lequH2

3332
− C(4)

lequH2

3332

)]
.

Ce que sont exactement des relations de correspondance et comment elles sont déterminées
est expliqué dans la prochaine section. L’important à savoir pour la présente discussion
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est que chaque terme du lagrangien LEFT est généré après BSS par un ou des termes du
lagrangien SMEFT. Dans les cinq équations ci-dessus, chaque membre gauche et un terme
du lagrangien LEFT et chaque membre droit est la relation correspondante entre les termes
impliqués du lagrangien SMEFT.

La seule contribution au terme du lagrangien LEFT 1
Λ2C

V,LR
νedu
3332

∗OV,LRνedu
3332

† à la dimension
massive 6 de la SMEFT vient du terme qui implique un échange de boson W , soit
− g2

2MW
2 [Wl]eff33[WR]eff23

∗. Plus précisément, cette contribution vaut

− g2vT
2

4MW
2Λ2 C

(3)
Hud
23

∗
.

Il faut cependant réaliser que ce coefficient contribue à la fois aux termes qui correspondent
aux opérateurs LEFT OV,LRνedu

1132
, OV,LRνedu

2232
et OV,LRνedu

3332
, avec les mêmes coefficients. On dit alors de

cette contribution qu’elle est universelle pour les saveurs leptoniques. Seuls les termes du
lagrangien SMEFT qui ne vérifient pas cette propriété peuvent expliquer des processus qui
impliquent deux quarks et deux leptons et dont la probabilité varie selon la génération des
leptons impliqués. Par exemple, la désintégration b → cτντ n’a pas la même rareté que
les désintégrations b → ceνe et b → cµνµ ; elle ne peut donc pas être expliquée par un
terme universel pour les saveurs leptoniques. Or, parmi les cinq termes du lagrangien LEFT
qui interviennent dans cette désintégration, chacun reçoit une contribution non universelle
pour les saveurs leptoniques à la dimension massive 6, à l’exception de 1

Λ2C
V,LR
νedu
3332

∗OV,LRνedu
3332

†,
qui ne reçoit de telles contributions qu’à la dimension massive 8. Donc, si la SMEFT est
la bonne théorie efficace à haute énergie, il est attendu que le coefficient de ce terme soit
significativement plus petit que ceux des quatre autres. Le premier article présenté dans ce
mémoire examine si les données expérimentales existantes sur les observables liées à cette
désintégration sont compatibles avec cette prédiction.

2.6. Correspondances entre les termes des lagrangiens
SMEFT et LEFT

Chaque terme du lagrangien SMEFT contribue, après BSS, à un ou plusieurs termes
du lagrangien LEFT. Inversement, chaque terme du lagrangien LEFT est généré, lors de
la BSS, par un ou plusieurs termes du lagrangien SMEFT. Les relations ainsi comprises
entre les WC sont appelées relations de correspondance et leurs contributions viennent en
deux types. Le premier consiste en des termes du lagrangien SMEFT dans lesquels chaque
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doublet de Higgs présent acquière une vev. Le deuxième, moins direct, implique des contri-
butions de processus avec des particules virtuelles lourdes dont les propagateurs sont ap-
proximés par des vertex. Par exemple, le terme du lagrangien LEFT impliquant l’opéra-
teur OV,LLνν

prst
: (νLpγµνLr)(νLsγµνLt) reçoit des contributions directes des termes du lagrangien

SMEFT impliquant les opérateurs Q ll
prst

: (lpγµlr)(lsγµlt), Q(1)
l4H2
prst

: (lpγµlr)(lsγµlt)(H†H),

Q
(2)
l4H2
prst

: (lpγµlr)(lsγµτ I lt)(H†τ IH) et Q(2)
l4H2
stpr

: (lpγµτ I lr)(lsγµlt)(H†τ IH). Plus précisément,

lorsque les doublets de Higgs acquièrent chacun une vev, les termes de lagrangien correspon-
dants génèrent les relations suivantes :

1
Λ2C ll

prst
Q ll
prst
→ 1

Λ2C ll
prst

 (νLpγµνLr)(νLsγµνLt) + (νLpγµνLr)(eLsγµeLt)

+ (eLpγµeLr)(νLsγµνLt) + (eLpγµeLr)(eLsγµeLt)

 ,
1

Λ4C
(1)
l4H2
prst

Q
(1)
l4H2
prst

→ vT
2

2Λ4C
(1)
l4H2
prst

 (νLpγµνLr)(νLsγµνLt) + (νLpγµνLr)(eLsγµeLt)

+ (eLpγµeLr)(νLsγµνLt) + (eLpγµeLr)(eLsγµeLt)

 ,
1

Λ4C
(2)
l4H2
prst

Q
(2)
l4H2
prst

→ vT
2

2Λ4C
(2)
l4H2
prst

 − (νLpγµνLr)(νLsγµνLt) + (νLpγµνLr)(eLsγµeLt)

− (eLpγµeLr)(νLsγµνLt) + (eLpγµeLr)(eLsγµeLt)

 ,
1

Λ4C
(2)
l4H2
stpr

Q
(2)
l4H2
stpr

→ vT
2

2Λ4C
(2)
l4H2
stpr

 − (νLpγµνLr)(νLsγµνLt)− (νLpγµνLr)(eLsγµeLt)

+ (eLpγµeLr)(νLsγµνLt) + (eLpγµeLr)(eLsγµeLt)

 .
Ainsi, le terme 1

Λ2O
V,LL
νν
prst

du lagrangien LEFT reçoit la contribution SMEFT

1
Λ2

[
C ll
prst

+ vT
2

2Λ2

(
C

(1)
l4H2
prst

− C(2)
l4H2
prst

− C(2)
l4H2
stpr

)]
.

Il reçoit également des contributions indirectes, décrites par les processus

νLp

νLr

νLt

νLs

Z

,

νLp νLt

νLr νLs

Z

.
La somme des amplitudes correspondantes, en approximant à basse énergie le propagateur
d’un boson de jauge de masse M par igµν

M2 , est, avec un signe de différence entre les deux
termes car les deux diagrammes sont liés par un échange de deux fermions et en tenant
compte des corrections de la SMEFT aux couplages jusqu’à la dimension massive 8, qui sont
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déterminées dans le second article présenté dans ce mémoire,

− igZ
2

MZ
2 [ZνL ]effpr [ZνL ]effst (νLpγµνLr)(νLsγµνLt) + igZ

2

MZ
2 [ZνL ]effpt [ZνL ]effsr (νLpγµνLt)(νLsγµνLr).

Cette amplitude à basse énergie peut être obtenue à partir du terme de lagrangien efficace

− gZ
2

2MZ
2 [ZνL ]effab [ZνL ]effcd(νLaγµνLb)(νLcγµνLd) = − gZ

2

2MZ
2 [ZνL ]effab [ZνL ]effcd O

V,LL
νν
abcd

.

Maintenant, la transformation de Fierz de l’opérateur OV,LLνν
abcd

est OV,LLνν
adcb

. Il s’agit du même
opérateur, à un échange de saveurs près. Ce terme de lagrangien se réécrit donc

− gZ
2

4MZ
2

(
[ZνL ]effab [ZνL ]effcd + [ZνL ]effad[ZνL ]effcb

)
OV,LLνν
abcd

.

En tenant compte de toutes ces contributions, la relation de correspondance est

1
Λ2C

V,LL
νν
prst

=


1

Λ2

[
C ll
prst

+ vT
2

2Λ2

(
C

(1)
l4H2
prst

− C(2)
l4H2
prst

− C(2)
l4H2
stpr

)]

− gZ
2

4MZ
2

(
[ZνL ]effpr [ZνL ]effst + [ZνL ]effpt [ZνL ]effsr

)
 .

Un autre exemple important est l’opérateurOV,LLνe
prst

: (νLpγµνLr)(eLsγµeLt). Il reçoit des contri-

butions directes des opérateurs SMEFT Q ll
prst

: (lpγµlr)(lsγµlt), Q(1)
l4H2
prst

: (lpγµlr)(lsγµlt)(H†H)

et Q(2)
l4H2
prst

: (lpγµlr)(lsγµτ I lt)(H†τ IH), obtenues à partir du lagrangien efficace

1
Λ2

[(
C ll
prst

+ C ll
stpr

)
+ vT

2

2Λ2

(
C

(1)
l4H2
prst

+ C
(1)
l4H2
stpr

+ C
(2)
l4H2
prst

− C(2)
l4H2
stpr

)]
.

Il reçoit également des contributions des processus

νLp

νLr

eLt

eLs

Z

,

νLp eLt

νLr eLs

W−

.
La somme des amplitudes correspondantes est

−igµνgZ
2

MZ
2 [ZνL ]effpr [ZeL ]effst (νLpγµνLr)(eLsγνeLt) + igµνg

2

2MW
2 [Wl]effpt [Wl]effsr

∗(νLpγµeLt)(eLsγννLr),
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ou, en effectuant une transformation de Fierz sur les spineurs de Dirac dans le deuxième
terme,

− igZ
2

MZ
2 [ZνL ]effpr [ZeL ]effst (νLpγµνLr)(eLsγµeLt)−

ig2

2MW
2 [Wl]effpt [Wl]effsr

∗(νLpγµνLr)(eLsγµeLt).

Cette amplitude peut être dérivée du lagrangien efficace[
− gZ

2

MZ
2 [ZνL ]effpr [ZeL ]effst −

g2

2MW
2 [Wl]effpt [Wl]effsr

∗
]

(νLpγµνLr)(eLsγµeLt).

En tenant compte de toutes ces contributions, la relation de correspondance est

1
Λ2C

V,LL
νe
prst

=


1

Λ2

[(
C ll
prst

+ C ll
stpr

)
+ vT

2

2Λ2

(
C

(1)
l4H2
prst

+ C
(1)
l4H2
stpr

+ C
(2)
l4H2
prst

− C(2)
l4H2
stpr

)]

− gZ
2

MZ
2 [ZνL ]effpr [ZeL ]effst −

g2

2MW
2 [Wl]effpr [Wl]effst

∗

 .

Un autre exemple important est l’opérateur OV,LRee
prst

: (eLpγµeLr)(eRsγµeRt). Il re-
çoit des contributions directes des opérateurs SMEFT Q le

prst
: (lpγµlr)(esγµet),

Q
(1)
l2e2H2
prst

: (lpγµlr)(esγµet)(H†H) et Q
(2)
l2e2H2
prst

: (lpγµτ I lr)(esγµet)(H†τ IH), obtenues à

partir du lagrangien efficace
1

Λ2

[
C le
prst

+ vT
2

2Λ2

(
C

(1)
l2e2H2
prst

+ C
(2)
l2e2H2
prst

)]
.

Il reçoit également des contributions des processus

eLp

eLr

eRt

eRs

Z

,

eLp eRt

eLr eRs

h

.
La somme des amplitudes correspondantes, en approximant à basse énergie respectivement
les propagateurs d’un boson de jauge de masse M et d’un boson de Higgs par igµν

M2 et −i
mh

2 ,
est

−igµνgZ
2

MZ
2 [ZeL ]effpr [ZeR ]effst (eLpγµeLr)(eRsγνeRt) + i

mh
2 (Ye)effpt (Ye)effrs

∗(eLpeRt)(eRseLr),

ou, en effectuant une transformation de Fierz sur les spineurs de Dirac dans le deuxième
terme,

− igZ
2

MZ
2 [ZeL ]effpr [ZeR ]effst (eLpγµeLr)(eRsγµeRt)−

i

2mh
2 (Ye)effpt (Ye)effrs

∗(eLpγµeLr)(eRsγµeRt).
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Cette amplitude peut être dérivée du lagrangien efficace[
− gZ

2

MZ
2 [ZeL ]effpr [ZeR ]effst −

1
2mh

2 (Ye)effpt (Ye)effrs
∗
]

(eLpγµeLr)(eRsγµeRt).

En tenant compte de toutes ces contributions, la relation de correspondance est

1
Λ2C

V,LR
ee
prst

=


1

Λ2

[
C le
prst

+ vT
2

2Λ2

(
C

(1)
l2e2H2
prst

+ C
(2)
l2e2H2
prst

)]

− gZ
2

MZ
2 [ZeL ]effpr [ZeR ]effst −

1
2mh

2 (Ye)effpt (Ye)effrs
∗

 .
Dans le deuxième article présenté dans ce mémoire, les relations de correspondance entre
les WC des termes jusqu’à aux dimension massive 6 et 8 des lagrangiens LEFT et SMEFT
(respectivement) sont données. Note : ceci est une extension d’une partie du travail de [6], où
ces relations de correspondances sont calculées jusqu’à la dimension massive 6 du lagrangien
SMEFT.
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Chapitre 3

Beyond SMEFT with b→ c τ−ν̄

Par C.P. Burgess, Serge Hamoudou, Jacky Kumar et David London. Publié dans Physical
Review D [17].

Dans cet article, j’ai établi les correspondances entre les opérateurs LEFT « non SMEFT
» et les opérateurs SMEFT qui les génèrent au niveau des arbres et à l’ordre de grandeur
principal (résultats présentés dans le tableau I de l’article). J’ai également, indépendamment
de Jacky Kumar, effectué les ajustements (fit en anglais) de coefficients dont les résultats
sont présentés dans le tableau II et nous avons obtenu les mêmes résultats.



Abstract
Electroweak interactions assign a central role to the gauge group SU(2)L × U(1)Y , which is
either realized linearly (SMEFT) or nonlinearly (e.g., HEFT) in the effective theory obtained
when new physics above the electroweak scale is integrated out. Although the discovery of
the Higgs boson has made SMEFT the default assumption, nonlinear realization remains
possible. The two can be distinguished through their predictions for the size of certain
low-energy dimension-6 four-fermion operators: for these, HEFT predicts O(1) couplings,
while in SMEFT they are suppressed by a factor v2/Λ2

NP, where v is the Higgs vev. One
such operator, OLR

V ≡ (τ̄ γµPLν) (c̄γµPRb), contributes to b → c τ−ν̄. We show that present
constraints permit its non-SMEFT coefficient to have a HEFTy size. We also note that
the angular distribution in B̄ → D∗(→ Dπ′) τ−(→ π−ντ )ν̄τ contains enough information to
extract the coefficients of all new-physics operators. Future measurements of this angular
distribution can therefore tell us if non-SMEFT new physics is really necessary.



Introduction — The Standard Model (SM) of particle physics provides a spectacular
description of the physics so far found at the Large Hadron Collider (LHC). But it also
cannot be complete because it leaves several things unexplained (like neutrino masses, dark
matter and dark energy, etc.), and it makes some of cosmology’s initial conditions (such
as primordial fluctuations and baryon asymmetry) seem unlikely. To have hitherto escaped
detection, any new particles must either couple extremely weakly or be very massive (or
possibly both).

This – together with the eventual need for something to unitarize gravity at high energies
– underpins the widespread belief that the SM is the leading part of an effective field theory
(EFT) describing the low-energy limit of something more fundamental. EFTs are largely
characterized by their particle content and symmetries (see, e.g., Refs. [1, 2]). Since the
discovery of the Higgs boson, the known particle content at energies above the top-quark
mass, mt, suffices to linearly realize the electroweak gauge group SU(2)L×U(1)Y . Whether
the known particles actually do linearly realize this symmetry is what distinguishes SMEFT,
which lineary realizes it (see, e.g., Refs. [3,4]) from alternatives like HEFT, which do not,
despite also including a ‘Higgs’ scalar (see, e.g., Refs. [5–13]).

The question of whether the symmetry is realized linearly or nonlinearly can only be
answered experimentally. One proposal for doing this [14] seeks new particles whose presence
requires nonlinear realization. In the present paper, we show how to use indirect b-physics
signals to extract evidence for nonlinearly-realized new physics.

How symmetries are realized in an EFT comes up when power-counting how effec-
tive interactions are suppressed at low energies. For instance, an effective interaction like
gz Zµ(ūγµPRu) ∈ Leff , which describes a non-standard ZūRuR coupling, naively arises at
mass-dimension 4 when SU(2)L × U(1)Y is nonlinearly realized [15,16], but instead arises
at dimension-6 through an operator Λ−2

h (H†DµH)(ūγµPRu) when it is linearly realized, im-
plying a coupling gz ∼ v2/Λ2

h that is suppressed by the ratio of Higgs vev v to a UV scale
Λh.

The assumption underlying SMEFT is that the scale Λh appearing here is the same order
of magnitude as the scale Λ that suppresses all other dimension-6 operators If Λh ∼ Λ then
the lower bound on Λ required to have generic dimension-6 SMEFT operators not be detected
also implies an upper bound on the effective dimension-4 non-SMEFT coupling gz. While
this assumption is not unreasonable, it is an assumption, since nothing in the power-counting
of EFTs requires the scale Λh that accompanies powers of a field like H to be the same as
the scale Λ that appears with derivatives [1,2]. (For example, these scales are very different
in supergravity theories, and this is why it is consistent to have complicated target-space
metrics appearing in the kinetic energies of fields while working only to two-derivative order.
Similar observations have also been made for SMEFT [17].)
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Because it is an assumption, it should be tested. It is ultimately an experimental question
which kind of symmetry realization provides a better description of Nature. Our purpose in
this paper is to identify how to do so using a class of B-physics measurements. Despite being
at relatively low energies, B-meson properties suggest themselves for this purpose because
they can be precisely studied and because there are at present several observables that seem
to disagree with the predictions of the SM.

SMEFT vs LEFT at low energies — A complicating issue arises when using B

physics to distinguish SMEFT from non-SMEFT effective interactions because the EFT
relevant at such low-energies necessarily already integrates out many of the heavier SM
particles (W±, Z0,H, t). But once these particles are removed the remaining EFT necessarily
nonlinearly realizes SU(2)L × U(1)Y , while linearly realizing its U(1)em subgroup. This is
why heavy top-quark loops can generate otherwise SM-forbidden effective interactions such
as δLeff 3 δM2

WW
∗
µW

µ+δM2
ZZµZ

µ that violate the SM conditionMW = MZ cos θW , or more
broadly contribute to oblique corrections or modification of gauge couplings [15].

The exercise of separating these more mundane sources of symmetry breaking from those
coming from higher energies has been studied in the literature. For instance, the theory
obtained below theW mass has been called LEFT (low-energy effective field theory) or WET
(weak effective field theory), and in Ref. [18], Jenkins, Manohar and Stoffer (JMS) present
a complete and non-redundant basis of operators in this theory up to dimension 6. For the
particularly interesting class of dimension-6 four-fermion operators that conserve baryon and
lepton number, they also identify how these effective interactions can be obtained (at tree
level) from the similarly complete and non-redundant list of operators given for SMEFT
in Ref. [19]. (For a fuller discussion of the relationships amongst these various EFTs see
Ref. [20] and references therein.)

JMS find that most dimension-6 LEFT operators can be generated in this way starting
from dimension-6 operators in SMEFT. However, a handful of dimension-6 LEFT operators
are not invariant under SU(2)L × U(1)Y , and so are not contained amongst dimension-6
SMEFT operators. Tree graphs can also generate these ‘non-SMEFT’ operators, but in this
case only do so starting from SMEFT operators with mass dimension greater than 6. It is
these non-SMEFT operators that interest us in our applications to B physics.

The existence of non-SMEFT operators affects the search for new physics at low energies,
such as when analyzing discrepancies from the SM using four-fermion effective operators in
LEFT. One current example is in observables involving the decay b→ c τ−ν̄. Assuming only
left-handed neutrinos, five four-fermion b→ c τ−ν̄ operators are possible:

OLL,LR
V ≡ (τ̄ γµPLν) , (c̄γµPL,Rb) ,

OLL,LR
S ≡ (τ̄PLν) (c̄PL,Rb) ,

OT ≡ (τ̄σµνPLν) (c̄σµνPLb) , (1)
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where PL,R are the left-handed and right-handed projection operators. As we will see below,
OLR
V is a non-SMEFT operator: it is generated at tree level starting from a dimension-8

SMEFT operator. Because of this, the coefficient of OLR
V would naively be suppressed by the

small factor v2/Λ4 if SMEFT were true at UV scales. It is usually excluded when seeking
new physics in b→ c τ−ν̄ (see, e.g., Refs. [21,22]).

To test how the gauge symmetries are realized, one must measure the coefficients of such
non-SMEFT operators, and see if their size is consistent with SMEFT power counting. If
the SMEFT-predicted suppression in the coefficients is not present it would point to a more
complicated realization of SU(2)L × U(1)Y in the UV than is usually assumed.

The first step in performing such an analysis is to identify all the non-SMEFT dimension-
6 operators in LEFT. We list these in Table I, along with the higher-dimension SMEFT
operators from which they can be obtained at tree level. Operators appearing in the ‘LEFT
operator’ column are denoted by O and are as defined in Ref. [18]. Operators appearing
in the ‘Tree-level SMEFT origin’ column are denoted by Q. The one with dimension 6
(the operator QHud) is as defined in Ref. [19]. The dimension-8 SMEFT operators have been
tabulated in Refs. [23,24]; our nomenclature for these operators is taken from Ref. [24]. JMS
also identified these non-SMEFT operators, simply saying they had no direct dimension-6
SMEFT counterpart, and our list agrees with their findings.

Of course, there is nothing sacred about tree level, and in principle loops can also generate
effective operators as one evolves down to lower energies (as the example of non-SM gauge-
boson masses generated by top-quark loops mentioned above shows). Whether such loops are
important in any particular instance depends on the size of any loop-suppressing couplings
and the masses that come with them. As the top-quark example also shows, generating non-
SMEFT operators from loops involving SMEFT operators necessarily involves a dependence
on SU(2)L × U(1)Y -breaking masses, implying a suppression (and a lowering of operator
dimension) when these masses are small. The authors of Ref. [25] have computed how
SM loops dress individual SMEFT operators, and show that such loops do not generate
non-SMEFT operators in LEFT at the one-loop level.

Ref. [26] computes the running of the LEFT operators that are unsuppressed by such
factors, arising due to dressing by photon and gluon loops, and shows that non-SMEFT
dimension-6 operators of this type also can arise from the mixing of dimension-5 dipole
operators of the form (ψ̄σµνψ)Xµν in LEFT, where Xµν = Gµν , Fµν are gauge field strengths.
The two required insertions of these dipole operators ensure that they do not change the
tree-level counting of powers of 1/Λ, in their coefficients.

Applications to B physics — Although the Table shows quite a few non-SMEFT
operators that can, in principle, be used to search for non-SMEFT new physics, one of these
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LEFT operator Tree-level SMEFT origin Dims.
Semileptonic operators

OV,LRνedu : (νLpγµeLr)(dRsγµuRt) + h.c. QHud : i(H̃†DµH)(upγµdr) + h.c. 6→ 6
Q`2udH2 : (`pdrH)(H̃†us`t) + h.c. 6→ 8

OS,RRed : (eLpeRr)(dLsdRt) Q
(3)
`eqdH2 : (`perH)(qsdtH) 6→ 8

OS,RLeu : (eRpeLr)(uLsuRt) Q
(5)
`equH2 : (`perH)(H̃†qsut) 6→ 8

OT,RRed : (eLpσµνeRr)(dLsσµνdRt) Q
(4)
`eqdH2 : (`pσµνerH)(qsσµνdtH) 6→ 8

Four-lepton operators
OS,RRee : (eLpeRr)(eLseRt) Q

(3)
`2e2H2 : (`perH)(`setH) 6→ 8

Four-quark operators
OV 1,LR
uddu : (uLpγµdLr)(dRsγµuRt) + h.c. QHud : i(H̃†DµH)(upγµdr) + h.c. 6→ 6

Q
(5)
q2udH2 : (qpdrH)(H̃†usqt) + h.c. 6→ 8

OV 8,LR
uddu : (uLpγµTAdLr)(dRsγµTAuRt) + h.c. Q

(6)
q2udH2 : (qpTAdrH)(H̃†usTAqt) + h.c.

OS1,RR
uu : (uLpuRr)(uLsuRt) Q

(5)
q2u2H2 : (qpurH̃)(qsutH̃) 6→ 8

OS8,RR
uu : (uLpTAuRr)(uLsTAuRt) Q

(6)
q2u2H2 : (qpTAurH̃)(qsTAutH̃)

OS1,RR
dd : (dLpdRr)(dLsdRt) Q

(5)
q2d2H2 : (qpdrH)(qsdtH) 6→ 8

OS8,RR
dd : (dLpTAdRr)(dLsTAdRt) Q

(6)
q2d2H2 : (qpTAdrH)(qsTAdtH)

Table I: Non-SMEFT four-fermion operators in LEFT and the dimension-8 SMEFT operators
to which they are mapped at tree level. In the ‘LEFT operator’ column, the subscripts p, r, s, t
are weak-eigenstate indices; they are suppressed in the operator labels. The superscripts ‘1’
and ‘8’ of four-quark operators denote the colour transformation of the quark pairs. In the
‘Tree-level SMEFT origin’ column, ` and q denote left-handed SU(2)L doublets, while e, u
and d denote right-handed SU(2)L singlets. Here, H̃ = iσ2H

∗ denotes the conjugate of the
Higgs doublet H.

is particularly interesting: the operator OLR
V of Eq. (1),

OV,LRντbc ≡ (τ̄LγµνL)(c̄RγµbR) + h.c. , (2)

that contributes to the decay b→ c τ−ν̄ [27].
Notice that Table I offers two possible SMEFT operators from which this operator can be

obtained at tree level, one of which is the dimension-6 SMEFT operator QHud. Naively this
seems to imply that OV,LRντbc is actually a SMEFT operator after all. But there is a subtlety
here: QHud is a lepton-flavour-universal operator that generates equal effective couplings for
the operators OV,LRνebc , O

V,LR
νµbc and OV,LRντbc [28]. An effective operator that generates only OV,LRντbc

without the other two violates lepton-flavour universality, and this can only come from the
dimension-8 operator given in the Table. (A similar reasoning applies also to OV 1,LR

uddu and
OV 8,LR
uddu , where superscripts ‘1’ and ‘8’ give the colour transformation of the quark pairs.)

Furthermore, at the 1-loop level, OV,LRντbc does not mix with any other LEFT operators [26].
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The five four-fermion operators given in Eq. (1) imply that the most general LEFT
effective Hamiltonian describing b→ c τ−ν̄ decay with left-handed neutrinos is

Heff = 4GF√
2
VcbO

LL
V −

CLL
V

Λ2 OLL
V − CLR

V

Λ2 OLR
V ,

− CLL
S

Λ2 OLL
S − CLR

S

Λ2 OLR
S −

CT
Λ2 OT . (3)

The first term is the SM contribution; the remaining five terms are the various new-physics
contributions. Within LEFT, these are all dimension-6 operators and so, in the absence of
other information, for a given new-physics scale Λ, their dimensionless coefficients (the Cs)
are all at most O(1). By contrast, the coefficient CLR

V is instead proportional to v2/Λ2
h if the

new physics is described at higher energies by SMEFT (since OLRV then really descends from
a Higgs-dependent interaction with dimension 8), and so is predicted to be small if Λh ∼ Λ.

The beauty of b → c τ−ν̄ decays is that, in principle, they provide sufficiently many
observables to measure each of the couplings in Eq. (3) separately, thereby allowing a test
of the prediction that CLR

V should be negligible (assuming that the presence of new physics
is confirmed). If the effective couplings do not follow the SMEFT pattern, non-SMEFT new
physics must be involved.

What is currently known about CLR
V ? At present several observables have been measured

that involve the decay b→ c τ−ν̄. These include

R(D(∗)) ≡ B(B → D(∗)τν)
B(B → D(∗)`ν) ,R(J/ψ) ≡ B(Bc → J/ψτν)

B(Bc → J/ψµν) ,

FL(D∗) ≡ Γ(B → D∗Lτν)
Γ(B → D∗τν) , Pτ (D

∗) ≡ Γ+1/2 − Γ−1/2

Γ+1/2 + Γ−1/2 , (4)

where Γλ ≡ Γ(B → D∗τλν). Pτ (D∗) measures the τ polarization asymmetry while FL(D∗)
measures the longitudinal D∗ polarization. These observables are useful for distinguishing
new-physics models with different Lorentz structures and (interestingly) the measurements of
most of these observables seem to be in tension with the predictions of the SM. Refs. [21,22])
perform fits to the data using the interactions of Eq. (3) (though with a different operator
normalization than is used here), but with OLR

V assumed not to be present (precisely because
it is a non-SMEFT operator).

We make two observations about how to use these measurements to probe the size of
OLRV , one using existing data and one using new observables – proposed elsewhere [29] – to
exploit future data to access more information about the effective coefficients appearing in
Eq. (3).

Fits to current data — We have repeated the fit of Refs. [21,22]), though this time
including OLRV for comparison. The values of the experimental observables used in the fit
are those found in Ref. [22]. One observable that is not used is B(Bc → τν). This decay
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has not yet been measured, but it has been argued that its branching ratio has an upper
limit in order to be compatible with the Bc lifetime. Unfortunately this upper bound varies
enormously in different analyses, from 10% [30] to 60% [21]. Because of this uncertainty,
we do not use this upper bound as a constraint, but simply compute the prediction for
B(Bc → τν) in each new physics scenario. For the theoretical predictions of the observables
in the presence of new physics, we use the program flavio [31] and the fit itself is done
using MINUIT [32–34].

Because the data is not yet rich enough to permit an informative simultaneous fit to
all five effective couplings1 we instead perform fits in which only one or two of the effective
couplings are nonzero. We choose Λ = 5 TeV and consider the following three scenarios
for nonzero new-physics coefficients: either CLL

V or CLR
V are turned on by themselves, or

both CLL
V and CLR

V are turned on together. The results of fits using these three options are
presented in Table II, and Fig. I presents the (correlated) allowed values of CLL

V and CLR
V

for the joint fit. We see that the scenario that adds only CLL
V provides an excellent fit to

New-physics coeff. Best fit p value (%) pullSM

CLL
V −3.1± 0.7 51 4.1

CLR
V 2.8± 1.2 0.3 2.3

(CLL
V ,CLR

V ) (−3.0± 0.8,0.6± 1.2) 35 3.7
Table II: Fit results for the scenarios in which CLL

V , CLR
V or both CLL

V and CLR
V are allowed

to be nonzero. At the best-fit point the prediction for B(Bc → τν) is ∼2.8% for all scenarios.

the data. On the other hand, the fit is poor when CLR
V alone is added (though it is still

much better than for the SM itself). The fit remains acceptable when both CLL
V and CLR

V are
allowed to be nonzero. In all scenarios, B(Bc → τν) is predicted to be < 3%, which easily
satisfies all constraints.

It is clear that the current data is insufficient to constrain the value for CLR
V in a useful

way. Both the SMEFT prediction CLR
V ∼ v2/Λ2 = O(10−3) and CLR

V ∼ O(1) are consistent
with the joint fit with both CLL

V and CLR
V nonzero; the best-fit value CLR

V = 0.6 ± 1.2 is
consistent with both zero and large O(1) values2. At present, the data are consistent with
the non-SMEFT coefficient CLR

V being much larger than the SMEFT prediction.
It is worth noting that the same is not true for other non-SMEFT operators. From the

operators listed in Table I, consider for example the specific operators (µ̄LµR)(s̄LbR) and
(µ̄RµL)(s̄RbL) in the class OS,RRed , or the OT,RRed operators of the type (µ̄LσµνµR)(s̄LσµνbR)
and (µ̄RσµνµL)(s̄RσµνbL). These all contribute in a chirally unsupressed way to the decay
1Fits involving the other new-physics coefficients were performed in Ref. [22]. We have redone these fits in
order to verify that we reproduce the results of this paper.
2We note that the central values satisfy CLR

V /CLL
V ' −0.2. In Ref. [35], it was assumed that the b→ c τ−ν̄

anomaly could be explained by the addition of a W ′ with general couplings. When they performed a fit with
LL and LR couplings, they also found a ratio of LR/LL ' −0.2.
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Fig. I: (Correlated) allowed values of CLLV and CLRV at 1σ (inner region) and 2σ (outer region).

b → sµ+µ− (unlike the case in the SM), and so the addition of any of these operators can
dramatically change the prediction for B(B0

s → µ+µ−). But the measured value B(B0
s →

µ+µ−) = (2.9 ± 0.4) × 10−9 [36] is close to the SM prediction, so that the coefficients of
these operators cannot be larger than order O(10−4), consistent with SMEFT expectations.
Things are similar for the analogous operators contributing to b → se+e−, for which the
upper limit of B(B0

s → e+e−) < 9.4× 10−9 [36] constrains the coefficients of these operators
to be < O(10−3), again consistent with SMEFT.

Future prospects — The above discussion shows that the non-SMEFT operator OLR
V

can have a large effective coupling, CLR
V ∼ O(1) without causing observational difficulties

with b → c τ−ν̄ decays, though there are large errors. But even if the experimental errors
on the currently measured observables were to improve dramatically, the five observables of
Eq. (4) are never enough to measure all of these parameters in the most general case. This
is simply because these five measurements cannot pin down all ten of the parameters that
can appear in the five complex couplings given in Eq. (3).

Fortunately, there are potentially many more observables whose measurement can remedy
this situation. Ref. [29] has proposed to measure the angular distribution in B̄ → D∗(→
Dπ′) τ−(→ π−ντ )ν̄τ . This decay includes three final-state particles whose four-momenta
can be measured: D, π′ and π−. Using this information, the differential decay rate can be
constructed. This depends on two non-angular variables, q2 and Eπ, as well as a number
of angular variables. Here, q2 is the invariant mass-squared of the τ−ν̄τ pair and Eπ is the
energy of the π− in the τ decay. The idea is then to separate the data into q2-Eπ bins, and
then to perform an angular analysis in each of these bins. Each angular distribution consists
of twelve different angular functions; nine of these terms are CP-conserving, and three are
CP-violating. There are therefore a large number of observables in this differential decay
rate; the exact number depends on how many q2-Eπ bins there are.
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Eq. (1) lists five new-physics operators, but only four of these actually contribute to
B̄ → D∗τ−ν̄τ . To see why, consider the following linear combinations of the two scalar
operators:

OLS ≡ OLR
S +OLL

S = (τ̄PLν) (c̄ b) ,

OLP ≡ OLR
S −OLL

S = (τ̄PLν) (c̄γ5b) . (5)

Of these, only OLP contributes to B̄ → D∗τ−ν̄τ .
With complex coefficients, there are therefore eight unknown theoretical parameters in

the remaining four effective interactions. Observables are functions of these parameters, as
well as q2 and Eπ. Thus, if the angular distribution in B̄ → D∗(→ Dπ′) τ−(→ π−ντ )ν̄τ
can be measured, it may be possible to extract all of the new physics coefficients from a fit
to observations. If the real or imaginary part of CLR

V were found to be much larger than
the SMEFT expectation, it would suggest the presence of non-SMEFT physics at higher
energies.

Note that the decay b→ c µ−ν̄ can also be analyzed in a similar way (even though there
is no hint of new physics in this reaction (but see Ref. [37] for an alternative point of view)).
The angular distribution for b → c µ−ν̄ described in Ref. [38] provides enough observables
to perform a fit for the coefficients of all dimension-6 new-physics operators, including the
non-SMEFT one.

In summary, we reproduce here the list of non-SMEFT four-fermion operators and iden-
tify their provenance, assuming that they arise at tree level starting from even-higher-
dimension SMEFT operators, in order to pin down the SMEFT estimate for the size of
their effective couplings. We show that fits to current observations allow one of these cou-
plings – that of the semileptonic b → c τ−ν̄ operator OLRV – to be O(1)/Λ2 for Λ ∼ 5 TeV,
which is consistent with couplings that are several orders of magnitude larger than would
be predicted by SMEFT. We also identify a sufficiently large class of b→ c τ−ν̄ observables
whose measurement would in principle allow all of the relevant effective couplings to be de-
termined, including that of OLRV . There is a good prospect that these measurements can be
done in the future.

Finally, suppose it were eventually established that non-SMEFT new physics is present
in b→ c τ−ν̄. The obvious question then is: What could this non-SMEFT new physics be?
Although serious exploration of models probably awaits evidence for such a signal, some
preliminary attempts have been made in the literature. One example is Ref. [39], which
studies the non-SMEFT operators in b → sµ+µ− and b → c τ−ν̄ in the context of HEFT,
and argues that such operators can be generated by a nonstandard Higgs sector containing
additonal strongly-interacting scalars. We regard a more systematic exploration of non-
SMEFT physics in the UV to be well worthwhile, and look forward to that happy day when
experimental results are what drives it.

44



Acknowledgements
We thank Mike Trott and B. Bhattacharya for helpful discussions. We also thank Christo-

pher Murphy for pointing out some oversights in the first version of the paper. This work
was partially financially supported by funds from the Natural Sciences and Engineering Re-
search Council (NSERC) of Canada. Research at the Perimeter Institute is supported in
part by the Government of Canada through NSERC and by the Province of Ontario through
MRI. JK is financially supported by a postdoctoral research fellowship of the Alexander von
Humboldt Foundation.

References
[1] C. P. Burgess, “Introduction to Effective Field Theory,” Cambridge University Press

(December 2020).
[2] C. P. Burgess, “Introduction to Effective Field Theory,” Ann. Rev. Nucl. Part. Sci.

57 (2007), 329-362 doi:10.1146/annurev.nucl.56.080805.140508 [arXiv:hep-th/0701053
[hep-th]].

[3] W. Buchmuller and D. Wyler, “Effective Lagrangian Analysis of New Interactions
and Flavor Conservation,” Nucl. Phys. B 268, 621-653 (1986) doi:10.1016/0550-
3213(86)90262-2

[4] For a review, see I. Brivio and M. Trott, “The Standard Model as an Effective Field
Theory,” Phys. Rept. 793, 1-98 (2019) [arXiv:1706.08945 [hep-ph]].

[5] F. Feruglio, “The Chiral approach to the electroweak interactions,” Int. J. Mod. Phys. A
8, 4937-4972 (1993) doi:10.1142/S0217751X93001946 [arXiv:hep-ph/9301281 [hep-ph]].

[6] J. Bagger, V. D. Barger, K. m. Cheung, J. F. Gunion, T. Han, G. A. Ladinsky, R. Rosen-
feld and C. P. Yuan, “CERN LHC analysis of the strongly interacting W W system:
Gold plated modes,” Phys. Rev. D 52, 3878-3889 (1995) doi:10.1103/PhysRevD.52.3878
[arXiv:hep-ph/9504426 [hep-ph]].

[7] C. P. Burgess, J. Matias and M. Pospelov, “A Higgs or not a Higgs? What to do if you
discover a new scalar particle,” Int. J. Mod. Phys. A 17 (2002), 1841-1918 [arXiv:hep-
ph/9912459 [hep-ph]].

[8] B. Grinstein and M. Trott, “A Higgs-Higgs bound state due to new physics at a TeV,”
Phys. Rev. D 76, 073002 (2007) doi:10.1103/PhysRevD.76.073002 [arXiv:0704.1505
[hep-ph]].

[9] G. Buchalla and O. Cata, “Effective Theory of a Dynamically Broken Electroweak Stan-
dard Model at NLO,” JHEP 07, 101 (2012) [arXiv:1203.6510 [hep-ph]].

[10] R. Alonso, M. B. Gavela, L. Merlo, S. Rigolin and J. Yepes, “The Effective Chi-
ral Lagrangian for a Light Dynamical ”Higgs Particle”,” Phys. Lett. B 722, 330-335

45



(2013) [erratum: Phys. Lett. B 726, 926 (2013)] doi:10.1016/j.physletb.2013.04.037
[arXiv:1212.3305 [hep-ph]].

[11] R. Alonso, M. B. Gavela, L. Merlo, S. Rigolin and J. Yepes, “Flavor with
a light dynamical ”Higgs particle”,” Phys. Rev. D 87, no.5, 055019 (2013)
doi:10.1103/PhysRevD.87.055019 [arXiv:1212.3307 [hep-ph]].

[12] G. Buchalla, O. Catà and C. Krause, “Complete Electroweak Chiral Lagrangian with a
Light Higgs at NLO,” Nucl. Phys. B 880, 552-573 (2014) [erratum: Nucl. Phys. B 913,
475-478 (2016)] [arXiv:1307.5017 [hep-ph]].

[13] T. Cohen, N. Craig, X. Lu and D. Sutherland, “Is SMEFT Enough?,” JHEP 03, 237
(2021) doi:10.1007/JHEP03(2021)237 [arXiv:2008.08597 [hep-ph]].

[14] I. Banta, T. Cohen, N. Craig, X. Lu and D. Sutherland, “Non-decoupling new particles,”
JHEP 02, 029 (2022) doi:10.1007/JHEP02(2022)029 [arXiv:2110.02967 [hep-ph]].

[15] C. P. Burgess, S. Godfrey, H. Konig, D. London and I. Maksymyk, “Model independent
global constraints on new physics,” Phys. Rev. D 49 (1994), 6115-6147 [arXiv:hep-
ph/9312291 [hep-ph]].

[16] P. Bamert, C. P. Burgess, J. M. Cline, D. London and E. Nardi, “R(b) and
new physics: A Comprehensive analysis,” Phys. Rev. D 54 (1996), 4275-4300
doi:10.1103/PhysRevD.54.4275 [arXiv:hep-ph/9602438 [hep-ph]].

[17] A. Helset, A. Martin and M. Trott, “The Geometric Standard Model Effective Field
Theory,” JHEP 03 (2020), 163 doi:10.1007/JHEP03(2020)163 [arXiv:2001.01453 [hep-
ph]].

[18] E. E. Jenkins, A. V. Manohar and P. Stoffer, “Low-Energy Effective Field The-
ory below the Electroweak Scale: Operators and Matching,” JHEP 03, 016 (2018)
[arXiv:1709.04486 [hep-ph]].

[19] B. Grzadkowski, M. Iskrzynski, M. Misiak and J. Rosiek, “Dimension-Six Terms in the
Standard Model Lagrangian,” JHEP 10, 085 (2010) [arXiv:1008.4884 [hep-ph]].

[20] J. Aebischer, I. Brivio, A. Celis, J. A. Evans, Y. Jiang, J. Kumar, X. Pan, W. Porod,
J. Rosiek and D. Shih, et al. “WCxf: an exchange format for Wilson coefficients beyond
the Standard Model,” Comput. Phys. Commun. 232, 71-83 (2018) [arXiv:1712.05298
[hep-ph]].

[21] M. Blanke, A. Crivellin, S. de Boer, T. Kitahara, M. Moscati, U. Nierste and I. Nišandžić,
“Impact of polarization observables and Bc → τν on new physics explanations of the
b→ cτν anomaly,” Phys. Rev. D 99, no.7, 075006 (2019) [arXiv:1811.09603 [hep-ph]].

[22] M. Blanke, A. Crivellin, T. Kitahara, M. Moscati, U. Nierste and I. Nišandžić, “Adden-
dum to “Impact of polarization observables and Bc → τν on new physics explanations
of the b→ cτν anomaly”,” [arXiv:1905.08253 [hep-ph]].

46



[23] H. L. Li, Z. Ren, J. Shu, M. L. Xiao, J. H. Yu and Y. H. Zheng, “Complete set of
dimension-eight operators in the standard model effective field theory,” Phys. Rev. D
104, no.1, 015026 (2021) [arXiv:2005.00008 [hep-ph]].

[24] C. W. Murphy, “Dimension-8 operators in the Standard Model Eective Field Theory,”
JHEP 10, 174 (2020) [arXiv:2005.00059 [hep-ph]].

[25] W. Dekens and P. Stoffer, “Low-energy effective field theory below the electroweak scale:
matching at one loop,” JHEP 10, 197 (2019) [arXiv:1908.05295 [hep-ph]].

[26] E. E. Jenkins, A. V. Manohar and P. Stoffer, “Low-Energy Effective Field The-
ory below the Electroweak Scale: Anomalous Dimensions,” JHEP 01, 084 (2018)
[arXiv:1711.05270 [hep-ph]].

[27] The role that OV,LRντbc plays in b → c τ−ν̄ decays and its dependence on whether the
electroweak symmetry is realized linearly or nonlinearly in the EFT is discussed in
C. Murgui, A. Peñuelas, M. Jung and A. Pich, “Global fit to b → cτν transitions,”
JHEP 09, 103 (2019) [arXiv:1904.09311 [hep-ph]].

[28] This observation has been made in several papers. As far as we know, the first is
V. Bernard, M. Oertel, E. Passemar and J. Stern, “K(mu3)**L decay: A Stringent
test of right-handed quark currents,” Phys. Lett. B 638, 480-486 (2006) [arXiv:hep-
ph/0603202 [hep-ph]].

[29] B. Bhattacharya, A. Datta, S. Kamali and D. London, “A measurable angular distribu-
tion for B → D∗τ−vτ decays,” JHEP 07, no.07, 194 (2020) [arXiv:2005.03032 [hep-ph]].

[30] A. G. Akeroyd and C. H. Chen, “Constraint on the branching ratio of Bc → τ ν̄ from
LEP1 and consequences for R(D(∗)) anomaly,” Phys. Rev. D 96, no.7, 075011 (2017)
[arXiv:1708.04072 [hep-ph]].

[31] D. M. Straub, “flavio: a Python package for flavour and precision phenomenology in
the Standard Model and beyond,” arXiv:1810.08132 [hep-ph].

[32] F. James and M. Roos, “Minuit: A System for Function Minimization and Analysis of
the Parameter Errors and Correlations,” Comput. Phys. Commun. 10, 343 (1975).

[33] F. James and M. Winkler, “MINUIT User’s Guide,”
[34] F. James, “MINUIT Function Minimization and Error Analysis: Reference Manual

Version 94.1,” CERN-D-506, CERN-D506.
[35] J. D. Gómez, N. Quintero and E. Rojas, “Charged current b → cτ ν̄τ anomalies in a

general W ′ boson scenario,” Phys. Rev. D 100, no.9, 093003 (2019) [arXiv:1907.08357
[hep-ph]].

[36] P. A. Zyla et al. [Particle Data Group], “Review of Particle Physics,” PTEP 2020, no.8,
083C01 (2020)

[37] C. Bobeth, M. Bordone, N. Gubernari, M. Jung and D. van Dyk, “Lepton-flavour non-
universality of B̄ → D∗`ν̄ angular distributions in and beyond the Standard Model,”
Eur. Phys. J. C 81, no.11, 984 (2021) [arXiv:2104.02094 [hep-ph]].

47



[38] B. Bhattacharya, A. Datta, S. Kamali and D. London, “CP Violation in B̄0 →
D∗+µ−ν̄µ,” JHEP 05, 191 (2019) [arXiv:1903.02567 [hep-ph]].

[39] O. Catà and M. Jung, “Signatures of a nonstandard Higgs boson from flavor physics,”
Phys. Rev. D 92, no.5, 055018 (2015) [arXiv:1505.05804 [hep-ph]].

48



Chapitre 4

Dimension-8 SMEFT Matching Conditions
for the Low-Energy Effective Field Theory

Par Serge Hamoudou, Jacky Kumar et David London. Soumis à Journal Of High Energy
Physics.

Dans cet article, j’ai effectué l’entièreté des calculs et des comparaisons de résultats avec
les références citées.



Abstract
In particle physics, the modern view is to categorize things in terms of effective field theories
(EFTs). Above the weak scale, we have the SMEFT, formed when the heavy new physics
(NP) is integrated out, and for which the Standard Model (SM) is the leading part. Below
MW , we have the LEFT (low-energy EFT), formed when the heavy SM particles (W±, Z0,
H, t) are also integrated out. In order to determine how low-energy measurements depend on
the underlying NP, it is necessary to compute the matching conditions of LEFT operators to
SMEFT operators. These matching conditions have been worked out for all LEFT operators
up to dimension 6 in terms of SMEFT operators up to dimension 6. However, this is not
sufficient for all low-energy observables. In this paper we present the complete matching
conditions of all such LEFT operators to SMEFT operators up to dimension 8.



1 Introduction
Despite its enormous success in accounting for almost all experimental data to date, the

Standard Model (SM) of particle physics still has no explanation for a number of other key
observations, such as neutrino masses, the baryon asymmetry of the universe, dark matter,
etc. For this reason, it is widely believed that there must exist physics beyond the SM. And
since the LHC has not discovered any new particles up to a scale of O(TeV), this new physics
(NP) is likely to be very massive.

When the NP is integrated out, one obtains an effective field theory (EFT), of which it
is now generally believed that the SM is simply the leading part. This EFT must obey the
SM gauge symmetry SU(3)C ×SU(2)L×U(1)Y . Since the discovery of the Higgs boson, the
default assumption is that this symmetry is realized linearly, i.e., the symmetry is broken
via the Higgs mechanism, resulting in the Standard Model EFT, or SMEFT (see, e.g.,
Refs. [1,2]). The SMEFT has been studied extensively: a complete and non-redundant list
of dimension-6 operators is given in Ref. [3], the dimension-7 operators can be found in
Ref. [4], and the dimension-8 operators are tabulated in Refs. [6,7].

The LEFT (low-energy effective field theory) describes the physics below the W mass,
and is produced when the heavy SM particles (W , Z, t, H) are also integrated out. (This is
also called the WET (weak effective field theory).) In Ref. [9], Jenkins, Manohar and Stoffer
(JMS) present a complete and non-redundant basis of LEFT operators up to dimension 6,
including those that violate B and L. The matching to dimension-6 SMEFT operators at
tree level is also given. The one-loop contributions of dimension-6 SMEFT operators can
be taken into account through the renormalization-group running of the coefficients of the
LEFT. This is computed in Refs. [11–14]. With this information, if a discrepancy with
the SM is observed in a process that uses a particular LEFT operator, we will know which
dimension-6 SMEFT operators are involved.

However, this is not always sufficient. Information about the contributions from higher-
dimension operators may be important if the process in question is suppressed in the SM
and/or is very precisely measured. Examples of observables for which dimension-8 SMEFT
effects must be taken into account include electroweak precision data from LEP [15], lepton-
flavour-violating processes [16,17], meson-antimeson mixing (∆F = 2) [18,19], and electric
dipole moments [20]. (Dimension-8 SMEFT operators have also been discussed in the context
of high-energy processes, see Refs. [21–28].)

The analysis of Refs. [16,17] involves (i) the identification of all LEFT operators relevant
for lepton flavour violation, and (ii) the computation of the tree-level matching of these
operators to SMEFT operators up to dimension 8. In the present paper, we apply step
(ii) to all LEFT operators. The idea is simply that, when it is necessary to consider the
contributions of dimension-8 SMEFT operators in the analysis of an experimental result,
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this information can be found here. (Note that a complete analysis of the relationship
between LEFT operators and dimension-8 SMEFT operators must also take into account
the renormalization-group running of SMEFT operators from the NP scale down to low
energies. For bosonic SMEFT operators up to dimension 8, this has been calculated in
Refs. [29,30].)

In our analysis, we follow closely the approach of Ref. [9], and extend it to include
dimension-8 SMEFT operators. Below, we often refer to this paper simply by the initials of
its authors, as JMS.

We begin in Sec. 2 with some preliminary remarks comparing our analysis with that of
JMS, and discuss in general terms how matching conditions are computed. In Sec. 3, we
present the setup, showing how the presence of dimension-8 SMEFT operators affects the
symmetry breaking, the generation of masses, and the couplings of the gauge and Higgs
bosons to fermions. The computations required to derive the complete matching conditions
are described in Sec. 4; the results are presented in Appendix D. We conclude in Sec. 5.
Appendices A, B, C give a variety of information relevant to the details of the analysis.

2 Preliminaries
In Ref. [9], JMS compute the tree-level SMEFT matching conditions for the LEFT op-

erators. The matching conditions for operators that conserve both B and L involve only
even-dimension SMEFT operators, and are given up to dimension 6. For operators that
violate B and/or L, the matching conditions can involve even- or odd-dimension SMEFT
operators (but not both), depending on the operator, and are computed to dimension 6 or
dimension 5. In the present paper, we extend this analysis: we compute these matching
conditions up to dimension 8 (dimension 7) if even-dimension (odd-dimension) SMEFT op-
erators are involved. (In this paper, when we refer to “computing the matching conditions up
to dimension 8,” both of these possibilities are understood.) If one eliminates the dimension-
8 or dimension-7 contributions, the results of JMS are reproduced. This makes it easy to
compare the results. Also, we present the elements of our analysis in much the same order
as JMS.

In the LEFT Lagrangian, we consider only operators up to dimension 6 (like JMS):

LLEFT = LNeutrino mass
LEFT + LQCD+QED +

6∑
n=5

∑
O∈dimn

CO
Λn−4 O . (1)

For the SMEFT, all operators up to dimension 8 are included:

LSMEFT = LSM +
8∑

n=5

∑
Q∈dimn

CQ
Λn−4 Q . (2)

Still, there are two differences in our notation:
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• Our convention is to have dimensionless Wilson coefficients (WCs). For instance, for
the dimension-6 SMEFT lagrangian, we write

L(6)
SMEFT =

∑
O∈dim 6

CO
Λ2 O . (3)

This convention is different from that of JMS, which uses dimensionful WCs.
• In the unbroken phase, the SM lagrangian is

LSM = −1
4G

A
µνG

Aµν − 1
4W

I
µνW

Iµν − 1
4BµνB

µν

+
∑

ψ=q,u,d,l,e
ψi /Dψ + (DµH)†(DµH)− λ

(
H†H − 1

2v
2
)2

−
[
lper(Ye)prH + qpur(Yu)prH̃ + qpdr(Yd)prH + h.c.

]
+ θ3g

2
s

32π2G
A
µνG̃

Aµν + θ2g
2

32π2W
I
µνW̃

Iµν + θ1g
′2

32π2BµνB̃
µν . (4)

This uses the same notation as JMS, with one exception: our Yukawa matrices (the
Y s) are the hermitian conjugates of those of JMS.

In Eq. (4), the fields qr and lr are (left-handed) SU(2)L doublets, while ur, dr and er are
(right-handed) SU(2)L singlets, where r = 1, 2, 3 is a generation (weak-eigenstate) index.
The physical (mass-eigenstate) states are the same for the charged leptons, the left- and
right-handed u-type quarks, and the right-handed d-type quarks. For the left-handed d-type
quarks, the relation between the weak and mass eigenstates is

dLr = VrddL + VrssL + VrbbL ≡ VrxdLx , (5)

where the left-hand side is a weak eigenstate, and the right-hand side is a linear combi-
nation of mass eigenstates. The Vrx are elements of the unitary mixing matrix, which is
the Cabibbo-Kobayashi-Maskawa (CKM) matrix in the SM. Note: as in JMS, our LEFT
matching conditions are given in the weak eigenstate basis. They can be written in terms of
the physical states by using the above relation.

In our analysis, we make reference to several different sets of operators. The LEFT
operators are taken from JMS [9], the dimension-6 SMEFT operators are found in Ref. [3],
and we use Ref. [7] for the dimension-8 SMEFT operators. In all cases, we use the same
notation for the operators and their WCs as is used in the references. For the dimension-7
SMEFT operators, we use a basis that is equivalent that of Ref. [4], but with a different
notation. For convenience, in the Appendices, we present tables of all the operators used
in this paper. These include LEFT operators (Appendix A), along with dimension-5 to 8
SMEFT operators (Appendix B).
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It is useful to give an example that illustrates the various issues involved in deriving
matching conditions. Consider the charged-current four-fermion operator

OV,LLνedu = (ν̄LpγµeLr)(d̄LsγµuLt) + h.c., coefficient : 1
Λ2C

V,LL
νedu
prst

. (6)

We begin by examining the matching to the SM. That is, OV,LLνedu is taken to be an operator
of the Fermi theory, whose coefficient has magnitude 4GF/

√
2. The SM Lagrangian consists

only of operators of at most dimension 4. This four-fermion operator can be generated in
the SM when a W is exchanged between the two fermion currents, and the W is integrated
out. The SM matching condition is then

1
Λ2C

V,LL
νedu
prst

= − g2

2M2
W

[Wl]pr[Wq]∗ts . (7)

Here, Wl and Wq are the couplings of the W to the lepton and quark pair, respectively. In
the SM, [Wl]pr = δpr and [Wq]ts = δts. Knowing that the coefficient has magnitude 4GF/

√
2,

this leads to the well-known relation
GF√

2
= g2

8M2
W

. (8)

The matching to SMEFT at dimension 6 was computed by JMS. It is
1

Λ2C
V,LL
νedu
prst

+ h.c. = 2
Λ2C

(3)
lq
prst

− g2

2M2
W

[Wl]effpr [Wq]effts
∗ + c.c. (9)

Since the SMEFT includes dimension-6 terms, it contains the four-fermion operator. That
is, there is a direct contribution to the matching conditions, C(3)

lq
prst

. As was the case in the

SM, CV,LL
νedu
prst

can also be generated by the exchange of a W between the two fermion currents.

This is represented by the second term above. Although this resembles the term in Eq. (7),
there are several differences:

(1) In the presence of dimension-6 SMEFT operators, the coupling constant is modified:
g → ḡ. This is due to the fact that, when one adds dimension-6 corrections to the
kinetic terms of the gauge bosons, these fields and the coupling constants must be
redefined in order to ensure that the kinetic term is properly normalized.

(2) In the SM, the W coupling to fermions is fixed by the fermion kinetic term, ψ̄ /Dψ.
In SMEFT, there are dimension-6 corrections, such as H†Hψ̄ /Dψ. These will change
the magnitudes of the couplings, and permit inter-generational couplings, hence the
‘eff’ superscript on Wl and Wq.

The bottom line is that many dimension-6 SMEFT operators are implicitly present in the
second term of Eq. (9) above. Collectively, these operators form the indirect contributions.
They must be carefully taken into account in the matching conditions. (Note that, if one
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expands the effective parameters appearing in the matching conditions, many terms will
appear; those that are of higher order than dimension 8 are to be ignored.)

3 Setup
The Lagrangian for the SM in the unbroken phase is given in Eq. (4). When the Higgs

field acquires a vev, given by the minimum of the Higgs potential, the symmetry is broken,
and masses are generated for the W±, the Z0 and the fermions. One can easily compute the
masses of the physical gauge bosons, as well as their couplings to the physical fermions, in
terms of the parameters of LSM, in particular g, g′ and v.

When one includes higher-order SMEFT operators of dimension 6, 8, etc., this whole
process must be recalculated in order to take into account these new operators. One must
make field redefinitions so that the kinetic terms are properly normalized, the minimum of
the Higgs potential (i.e., the Higgs vev) must be recomputed, corrections to sin θW must be
taken into account, etc. One sees the effects of these additional operators in the redefinitions
of the coupling constants, the couplings of gauge bosons to fermions, and other quantities
that appear in both the direct and indirect contributions to the matching conditions.

In this section, we present the main effects of including SMEFT operators up to dimension
8. We emphasize those results that are important for the matching conditions. These results
are in agreement with the predictions of the geometric formulation of the SMEFT [8].

3.1 Higgs sector

After the Higgs acquires a vev, we redefine the Higgs field as follows:

H → 1√
2

 0
[1 + cH,kin]h+ vT

 . (10)

Here, vT and cH,kin are respectively determined by minimizing the Higgs potential and by
normalizing the Higgs kinetic term.

3.1.1 Higgs vev. In the presence of SMEFT operators up to dimension 8, the Higgs
potential is

V (H) = λ
(
H2 − 1

2v
2
)2
− 1

Λ2CHH
6 − 1

Λ4CH8H8 , (11)

where only the real part of the second component of the Higgs doublet, H, is taken to be
nonzero. We define the physical Higgs vev, vT , to be vT ≡

√
2Hmin, where Hmin minimizes

the Higgs potential. This implies that

vT = v

(
1 + 3v2

8λΛ2 CH + v4

4λΛ4

[ 63
32λ [CH ]2 + CH8

])
. (12)
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vT is the physical parameter that appears in the matching relations, and whose value can in
principle be determined by a fit to the data.

3.1.2 Higgs kinetic term. Including SMEFT contributions up to dimension 8, the Higgs
kinetic term is

LHiggs kineticSMEFT = 1
2

[
1 + 2v2

T

Λ2

(1
4CHD − CH�

)
+ v4

T

4Λ4

(
C

(1)
H6 + C

(2)
H6

)]
(1 + cH,kin)2(∂µh)(∂µh) .

(13)
In order for this term to be properly normalized, one must have

cH,kin = v2
T

Λ2

(
CH� −

1
4CHD

)
− v4

T

8Λ4

(
C

(1)
H6 + C

(2)
H6

)
+ 3v4

T

2Λ4

(
CH� −

1
4CHD

)2
. (14)

This is essentially a redefiniton of the normalization of the Higgs field.

3.1.3 Higgs mass. Taking into account the SMEFT contributions up to dimension 8, the
Higgs boson mass term is

LHiggs mass
SMEFT = 1

2

[
λv2 − 3λv2

T + 15v4
T

4Λ2 CH + 7v6
T

2Λ4 CH8

]
(1 + cH,kin)2h2 . (15)

This gives the following expression for the Higgs boson mass:

mh
2 = (1 + cH,kin)2v2

T

[
2λ− 3v2

T

Λ2 CH −
3v4

T

Λ4 CH8

]
. (16)

3.2 Fermion mass matrices & Yukawa couplings

Before symmetry breaking, the SMEFT Lagrangian up to dimension 8 contains the fol-
lowing terms for charged leptons and quarks:

− (Yψ)pr χ̄pψrH + 1
Λ2CψHpr

χ̄pψrH(H†H) + 1
Λ4CχψH5

pr
χ̄pψrH(H†H)2 + h.c. , (17)

where ψ ∈ {e,u,d} (right-handed SU(2)L singlets), χ ∈ {l,q} (left-handed SU(2)L doublets),
H = H if ψ ∈ {e,d} and H = H̃ if ψ ∈ {u}. Here, the first term (dimension 4) belongs
to the SM and the last two terms are SMEFT operators (respectively dimension 6 and 8).
Lepton-number-violating terms are also present:

1
ΛC 5

pr
εijεkl(lTipClkr)HjHl + 1

Λ3Cl2H4
pr

εijεkl(lTipClkr)HjHl(H†H) + h.c. . (18)

When the Higgs gets a vev, both mass matrices and Yukawa coupling terms are generated.
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3.2.1 Fermion mass matrices. The SMEFT mass terms for charged leptons and quarks
up to dimension 8 are

LFermion mass
SM = − vT√

2
[
(Ye)preLpeRr + (Yu)pruLpuRr + (Yd)prdLpdRr

]
+ h.c.,

LFermion mass
SMEFT,6 = v3

T

2
√

2 Λ2

[
CeH
pr
eLpeRr + CuH

pr
uLpuRr + CdH

pr
dLpdRr

]
+ h.c., (19)

LFermion mass
SMEFT,8 = v5

T

4
√

2 Λ4

[
CleH5

pr
eLpeRr + CquH5

pr
uLpuRr + CqdH5

pr
dLpdRr

]
+ h.c.

This gives the following mass matrices:

[Mψ]pr = vT√
2

[
(Yψ)pr −

v2
T

2Λ2 CψHpr
− v4

T

4Λ4 CχψH5
pr

]
. (20)

The SMEFT neutrino mass terms are

LNeutrino mass
SMEFT = vT

2

2Λ

[
C 5
pr

+ vT
2

2Λ2Cl2H4
pr

]
νTLpCνLr + h.c. . (21)

This gives the following mass matrices:

[Mν ]pr = −vT
2

Λ

[
C 5
pr

+ vT
2

2Λ2Cl2H4
pr

]
. (22)

3.2.2 Yukawa couplings. The SM, dimension-6 and dimension-8 SMEFT Yukawa cou-
pling terms for charged leptons and quarks are

LYukawaSM = −(1 + cH,kin)√
2

[
(Ye)preLpeRrh+ (Yu)pruLpuRrh+ (Yd)prdLpdRrh

]
+ h.c.,

LYukawaSMEFT,6 = 3(1 + cH,kin)v2
T

2
√

2 Λ2

[
CeH
pr
eLpeRrh+ CuH

pr
uLpuRrh+ CdH

pr
dLpdRrh

]
+ h.c., (23)

LYukawaSMEFT,8 = 5(1 + cH,kin)v4
T

4
√

2 Λ4

[
CleH5

pr
eLpeRrh+ CquH5

pr
uLpuRrh+ CqdH5

pr
dLpdRrh

]
+ h.c.

This gives the following Yukawa couplings (up to dimension 8):

(Yψ)effpr = 1 + cH,kin√
2

[√
2

vT
[Mψ]pr −

v2
T

Λ2 CψHpr
− v4

T

Λ4 CχψH5
pr

]
. (24)

There are also momentum-dependent Yukawa couplings (i.e., ordinary Yukawa couplings
with additional derivatives) occurring at dimension 6 in SMEFT. However, as we will see in
Sec. 4.1.3, these can be neglected in our analysis.

The SMEFT Yukawa coupling terms for neutrinos are

LNeutrino Yukawa
SMEFT = vT

Λ (1 + cH,kin)
[
C 5
pr

+ vT
2

Λ2 Cl2H4
pr

]
h νTLpCνLr + h.c. . (25)
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This gives the following Yukawa couplings:

(Yν)effpr = (1 + cH,kin)
[

1
vT

[Mν ]pr −
vT

3

2Λ3Cl2H4
pr

]
. (26)

These Yukawa couplings enter the matching conditions of certain four-fermion operators in
LEFT.

3.3 Electroweak gauge boson masses & mixing and coupling con-
stants

3.3.1 Kinetic terms. Including the SMEFT contributions up to dimension 8, the kinetic
terms of the electroweak gauge bosons after symmetry breaking are

LElectroweak kin
SMEFT = −1

4



[
1− 2v2

T

Λ2 CHW −
v4
T

Λ4 C
(1)
W 2H4

]
W I
µνW

Iµν

− v4
T

Λ4 C
(3)
W 2H4 W

3
µνW

3µν

+
[
1− 2v2

T

Λ2 CHB −
v4
T

Λ4 C
(1)
B2H4

]
BµνB

µν

+
[

2v2
T

Λ2 CHWB + v4
T

Λ4 C
(1)
WBH4

]
W 3
µνB

µν



. (27)

Here there are two issues that must be resolved. First, the kinetic terms must be properly
normalized. Second, the W 3

µνB
µν mixing term must be removed.

Proper normalization of the kinetic terms can be achieved by redefining the coupling
constants and the normalization of the gauge fields:

g =
[
1 + v2

T

Λ2 CHW + v4
T

2Λ4 C
(1)
W 2H4 + 3v4

T

2Λ4 [CHW ]2
]
g ,

g′ =
[
1 + v2

T

Λ2 CHB + v4
T

2Λ4 C
(1)
B2H4 + 3v4

T

2Λ4 [CHB]2
]
g′ , (28)

W I
µ =

[
1 + v2

T

Λ2 CHW + v4
T

2Λ4 C
(1)
W 2H4 + 3v4

T

2Λ4 [CHW ]2
]
WI

µ ,

Bµ =
[
1 + v2

T

Λ2 CHB + v4
T

2Λ4 C
(1)
B2H4 + 3v4

T

2Λ4 [CHB]2
]
Bµ . (29)
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At this stage, there is still a W3
µνBµν mixing term, as well as a separate W 3

µνW
3µν term.

These can both be removed by defining

W3
µ

Bµ

 =



1 + vT
4

2Λ4 C
(3)
W 2H4 + 3vT 4

8Λ4 [CHWB]2 − vT
2

2Λ2



CHWB + vT
2

2Λ2 C
(1)
WBH4

+ vT
2

Λ2 CHWBCHW

+ vT
2

Λ2 CHWBCHB



− vT
2

2Λ2



CHWB + vT
2

2Λ2 C
(1)
WBH4

+ vT
2

Λ2 CHWBCHW

+ vT
2

Λ2 CHWBCHB


1 + 3vT 4

8Λ4 [CHWB]2



W3
µ

Bµ

 . (30)

With this, we have

LElectroweak kin
SMEFT = −1

2W
+
µνW−µν −

1
4W

3
µνW

3µν − 1
4BµνB

µν
, (31)

where W±µν ≡ ∂µW±ν − ∂νW±µ , W±µ ≡
1√
2

(W1
µ ∓ iW2

µ), W3
µν ≡ ∂µW

3
ν − ∂νW

3
µ, Bµν ≡

∂µBν − ∂νBµ, and we have dropped the cubic and quartic self-coupling terms of the gauge
bosons.

Note that we still have the freedom to perform the following rotation:W3
µ

Bµ

 =
 cos θW sin θW
− sin θW cos θW

 Zµ
Aµ

 . (32)

In terms of the new fields, we have

LElectroweak kin
SMEFT = −1

2W
+
µνW−µν −

1
4ZµνZ

µν − 1
4FµνF

µν . (33)

For completeness, we also present the results for gluons. Including the SMEFT contri-
butions up to dimension 8, the gluon kinetic term is

LGluons kin
SMEFT = −1

4

[
1− 2v2

T

Λ2 CHG −
v4
T

Λ4 C
(1)
G2H4

]
GA
µνG

Aµν . (34)

In order to properly normalize this kinetic term, we make redefinitions similar to those in
Eqs. (28) and (29):

gs =
[
1 + v2

T

Λ2 CHG + v4
T

2Λ4 C
(1)
G2H4 + 3v4

T

2Λ4 [CHG]2
]
gs , (35)

GA
µ =

[
1 + v2

T

Λ2 CHG + v4
T

2Λ4 C
(1)
G2H4 + 3v4

T

2Λ4 [CHG]2
]
GAµ . (36)
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3.3.2 Mass terms. The SMEFT contributions up to dimension 8 to the mass terms of
the electroweak gauge bosons after symmetry breaking are

LElectroweak mass
SMEFT = v2

T

8



[
1 + v4

T

4Λ4

(
C

(1)
H6 − C(2)

H6

)]
g2(W 1

µW
1µ +W 2

µW
2µ)


1 + v2

T

2Λ2 CHD

+ v4
T

4Λ4

(
C

(1)
H6 + C

(2)
H6

)
 (gW 3

µ − g′Bµ)(gW 3µ − g′Bµ)


. (37)

We can write W 1
µ and Bµ in terms of W±µ , Zµ and Aµ using the transformations described

in Sec. 3.3.1. In order to ensure a massless photon, we require that the mixing angle θW of
Eq. (32) satisfy

cos θW = 1√
g2 + g′2


g + gv4

T

8Λ4
(6g2g′2 − g4 − 5g′4)

(g2 + g′2)2 [CHWB]2 + v4
T

2Λ4
gg′2

g2 + g′2
C

(3)
W 2H4

− g′v2
T

2Λ2
g2 − g′2

g2 + g′2

(
CHWB + v2

T

2Λ2 C
(1)
WBH4 + v2

T

Λ2 CHWB[CHW + CHB]
)


sin θW = 1√
g2 + g′2


g′ + g′v4

T

8Λ4
(6g2g′2 − g′4 − 5g4)

(g2 + g′2)2 [CHWB]2 − v4
T

2Λ4
g2g′

g2 + g′2
C

(3)
W 2H4

+ gv2
T

2Λ2
g2 − g′2

g2 + g′2

(
CHWB + v2

T

2Λ2 C
(1)
WBH4 + v2

T

Λ2 CHWB[CHW + CHB]
)

(38)

up to dimension 8.
Note that, while in the SM we have sin θW = g′/

√
g2 + g′2 and cos θW = g/

√
g2 + g′2,

these relations no longer hold in the presence of SMEFT operators. Similalry, in the SM,
e = gg′/

√
g2 + g′2. Including SMEFT operators, this becomes

e = gg′√
g2 + g′2


1− gg′v2

TCHWB

(g2 + g′2)Λ2 −
gg′v4

TC
(1)
WBH4

2(g2 + g′2)Λ4 + g′2v4
TC

(3)
W 2H4

2(g2 + g′2)Λ4

− gg′v4
TCHWB(CHW + CHB)

(g2 + g′2)Λ4 + 3g2g′2v4
T [CHWB]2

2(g2 + g′2)2Λ4

 . (39)

The masses of the W and Z are given by

M2
W = g2v2

T

4

[
1 + v4

T

4Λ4

(
C

(1)
H6 − C(2)

H6

)]
, (40)

M2
Z = gZ

2v2
T

4

[
1 + v2

T

2Λ2 CHD + v4
T

4Λ4

(
C

(1)
H6 + C

(2)
H6

)]
, (41)
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where

gZ =
√
g2 + g′2

1 + gg′v2
TCHWB

(g2 + g′2)Λ2 + gg′v4
TC

(1)
WBH4

2(g2 + g′2)Λ4 + g2v4
TC

(3)
W 2H4

2(g2 + g′2)Λ4

+ gg′v4
TCHWB(CHW + CHB)

(g2 + g′2)Λ4 +
(

1− g2g′2

(g2 + g′2)2

)
[CHWB]2

2Λ4

]
. (42)

In the SM, the “charge” to which the Z0 couples is I3L − Qem sin2 θW . When one adds
SMEFT operators up to dimension 6, the mixing angle is changed, θW → θ̄W , but the Z0

coupling still has the same form: it couples to I3L−Qem sin2 θ̄W [9]. However, when SMEFT
operators up to dimension 8 are included, this no longer holds. Instead, the Z0 couples to
I3L −Qem sin2 θ̄Z , where

sin2 θZ = sin2 θW + v4
T

4Λ4 [CHWB]2(sin2 θW − cos2 θW ) . (43)

(This was also noted in Ref. [22].)

3.4 Couplings of electroweak gauge bosons to fermions

As shown in Eq. (33), the physical electroeak gauge bosons are Aµ, W±µ and Zµ. Their
effective couplings to fermions, as well as those of the gluon GAµ , take the following form:

L = −gsGAµ j
Aµ
G − eAµj

µ
A −

g√
2
{W+

µ j
+µ
W +W−µ j

−µ
W } − gZZµj

µ
Z , (44)

in which the corresponding currents are

jAµG = uLpγ
µTAuLr + dLpγ

µTAdLr + uRpγ
µTAuRr + dRpγ

µTAdRr ,

jµA = −eLpγµeLr + 2
3uLpγ

µuLr −
1
3dLpγ

µdLr − eRpγµeRr + 2
3uRpγ

µuRr −
1
3dRpγ

µdRr ,

j+µ
W = [Wl]effprνLpγµeLr + [Wq]effpruLpγµdLr + [WR]effpruRpγµdRr + [W /L

l ]effpr(νTLpCγµeRr) , (45)

j−µW = [Wl]effrp
∗
eLpγ

µνLr + [Wq]effrp
∗
dLpγ

µuLr + [WR]effrp
∗
dRpγ

µuRr + [W /L
l ]effrp

∗
(νLpγµCeTRr) ,

jµZ =
 [ZνL ]effprνLpγµνLr + [ZeL ]effpreLpγµeLr + [ZuL ]effpruLpγµuLr + [ZdL ]effprdLpγµdLr

+ [ZeR ]effpreRpγµeRr + [ZuR ]effpruRpγµuRr + [ZdR ]effprdRpγµdRr

 .

Since SU(3)C × U(1)em remains unbroken, the currents involving gluons and photons
are fully determined by QCD and QED. This is not the case for the W±µ and Zµ gauge
bosons: the fermion currents to which the W±µ and Zµ couple are given by the following (up
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to dimension 8):

[Wl]effpr = δpr + v2
T

Λ2 C
(3)
Hl
pr

+ v4
T

2Λ4

(
C

(2)
l2H4D
pr

− iC(3)
l2H4D
pr

)
,

[Wq]effpr = δpr + v2
T

Λ2 C
(3)
Hq
pr

+ v4
T

2Λ4

(
C

(2)
q2H4D
pr

− iC(3)
q2H4D
pr

)
,

[WR]effpr = v2
T

2Λ2 C
(3)
Hud
pr

+ v4
T

4Λ4 CudH4D
pr

,

[W /L
l ]effpr = − vT

3

2
√

2 Λ3
CleH3D

pr
,

[ZνL ]effpr = 1
2δpr −

v2
T

2Λ2

(
C

(1)
Hl
pr
− C(3)

Hl
pr

)
− v4

T

4Λ4

(
C

(1)
l2H4D
pr

− 2C(2)
l2H4D
pr

)
,

[ZeL ]effpr = 1
2g

e
Lδpr −

v2
T

2Λ2

(
C

(1)
Hl
pr

+ C
(3)
Hl
pr

)
− v4

T

4Λ4

(
C

(1)
l2H4D
pr

+ 2C(2)
l2H4D
pr

)
,

[ZuL ]effpr = 1
2g

u
Lδpr −

v2
T

2Λ2

(
C

(1)
Hq
pr
− C(3)

Hq
pr

)
− v4

T

4Λ4

(
C

(1)
q2H4D
pr

− 2C(2)
q2H4D
pr

)
,

[ZdL ]effpr = 1
2g

d
Lδpr −

v2
T

2Λ2

(
C

(1)
Hq
pr

+ C
(3)
Hq
pr

)
− v4

T

4Λ4

(
C

(1)
q2H4D
pr

+ 2C(2)
q2H4D
pr

)
,

[ZeR ]effpr = 1
2g

e
Rδpr −

v2
T

2Λ2 CHepr
− v4

T

4Λ4 C
(1)
e2H4D
pr

,

[ZuR ]effpr = 1
2g

u
Rδpr −

v2

2Λ2 CHupr
− v4

T

4Λ4 C
(1)
u2H4D
pr

,

[ZdR ]effpr = 1
2g

d
Rδpr −

v2

2Λ2 CHdpr
− v4

T

4Λ4 C
(1)
d2H4D
pr

.

(46)

Here, we have defined geL ≡ −1 + 2 sin2 θZ , guL ≡ 1 − 4
3 sin2 θZ , gdL ≡ −1 + 2

3 sin2 θZ , geR ≡

2 sin2 θZ , guR ≡ −
4
3 sin2 θZ , and gdR ≡

2
3 sin2 θZ , where sin2 θZ is defined in Eq. (43).

4 Matching conditions
There are four categories of LEFT operators up to dimension 6: (i) four-fermion oper-

ators, (ii) magnetic dipole moment operators, (iii) three-gluon operators, and (iv) neutrino
mass terms. The matching conditions for operators that conserve both B and L involve only
even-dimension SMEFT operators, and are given up to dimension 6 in JMS. For operators
that violate B and/or L, the matching conditions involve either even- or odd-dimension
SMEFT operators, depending on the operator; these are given to dimension 6 or dimen-
sion 5 in JMS. In this section, we present the tree-level matching conditions for all of these
operators up to dimension 8 in SMEFT.

62



4.1 Four-fermion operators

As was described in Sec. 2, there are generally two types of contributions to the SMEFT
matching conditions of four-fermion LEFT operators: direct and indirect contributions.

4.1.1 Direct contributions. The dimension-6 SMEFT direct contribution is the LEFT
operator itself, in which all left- and right-handed particles are replaced by the left-handed
SU(2)L doublets and right-handed SU(2)L singlets to which they respectively belong. The
dimension-8 contributions involve the dimension-6 SMEFT operator multiplied by a pair of
Higgs fields. When the Higgs gets a vev, this generates the four-fermion LEFT operator.

The details of the computation are best illustrated with an example. Consider the LEFT
operator

OV,LLνν
prst
≡ (νLpγµνLr)(νLsγµνLt) . (47)

It is generated by the dimension-6 SMEFT operator Q ll
prst
≡ (lpγµlr)(lsγµlt). This can be

seen by separating the SMEFT operator into components:

1
Λ2C ll

prst
Q ll
prst
→ 1

Λ2C ll
prst

 (νLpγµνLr)(νLsγµνLt) + (νLpγµνLr)(eLsγµeLt)

+ (eLpγµeLr)(νLsγµνLt) + (eLpγµeLr)(eLsγµeLt)

 . (48)

The first term is OV,LLνν
prst

.
One dimension-8 SMEFT operator that is among the matching conditions is

Q
(1)
l4H2
prst

≡ (lpγµlr)(lsγµlt)(H†H). Because the SU(2)L doublets l and H are involved,

there are two additional dimension-8 SMEFT operators that must be included:
Q

(2)
l4H2
prst

≡ (lpγµlr)(lsγµτ I lt)(H†τ IH) and Q
(2)
l4H2
stpr

≡ (lpγµτ I lr)(lsγµlt)(H†τ IH). When the

Higgs gets a vev, these three operators can also generate OV,LLνν
prst

:

1
Λ4C

(1)
l4H2
prst

Q
(1)
l4H2
prst

→ v2
T

2Λ4C
(1)
l4H2
prst

 (νLpγµνLr)(νLsγµνLt) + (νLpγµνLr)(eLsγµeLt)

+ (eLpγµeLr)(νLsγµνLt) + (eLpγµeLr)(eLsγµeLt)

 ,

1
Λ4C

(2)
l4H2
prst

Q
(2)
l4H2
prst

→ v2
T

2Λ4C
(2)
l4H2
prst

 − (νLpγµνLr)(νLsγµνLt) + (νLpγµνLr)(eLsγµeLt)

− (eLpγµeLr)(νLsγµνLt) + (eLpγµeLr)(eLsγµeLt)

 ,

1
Λ4C

(2)
l4H2
stpr

Q
(2)
l4H2
stpr

→ v2
T

2Λ4C
(2)
l4H2
stpr

 − (νLpγµνLr)(νLsγµνLt)− (νLpγµνLr)(eLsγµeLt)

+ (eLpγµeLr)(νLsγµνLt) + (eLpγµeLr)(eLsγµeLt)

 . (49)

We therefore see that the direct contribution to the matching condition of the LEFT
operator 1

Λ2O
V,LL
νν
prst

, up to dimension 8, is

1
Λ2

[
C ll
prst

+ v2
T

2Λ2

(
C

(1)
l4H2
prst

− C(2)
l4H2
prst

− C(2)
l4H2
stpr

)]
. (50)
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The direct contributions to the matching conditions of the other LEFT four-fermion
operators are calculated similarly.

4.1.2 Indirect contributions. A four-fermion operator can also be generated when a bo-
son is exchanged between two fermion currents and this boson is integrated out. This
produces an indirect contribution [e.g., see Eq. (7)].

Consider once again the LEFT operator OV,LLνν
prst

of Eq. (47). The indirect contributions
arise from the Z-exchange diagrams of Fig. 1, when the Z0 is integrated out. We note that (i)
there is a relative minus sign between the two diagrams, and (ii) when one Fierz transforms
(see Appendix C) the amplitude of the second diagram, one obtains the amplitude of the
first diagram, but with an exchange of generation indices r ↔ t. The indirect contribution
to the matching condition of this operator, up to dimension 8, is

− g2
Z

4M2
Z

(
[ZνL ]effpr [ZνL ]effst + [ZνL ]effpt [ZνL ]effsr

)
, (51)

where gZ and [ZνL ]effpr are defined in Eqs. (42) and (46), respectively.

Fig. 1: Z-exchange contributions to OV,LLνν with flavour indices prst.

Another example is the LEFT operator OV,LLνe
prst
≡ (νLpγµνLr)(eLsγµeLt). Here the indirect

contributions arise from the Z- and W -exchange diagrams of Fig, 2, when the heavy gauge
bosons are integrated out. The indirect contribution to the matching condition of this
operator, up to dimension 8, is

− g2
Z

M2
Z

[ZνL ]effpr [ZeL ]effst −
g2

2M2
W

[Wl]effpr [Wl]effst
∗
, (52)

where g and [Wl]effpr are defined in Eqs. (28) and (46), respectively.
The indirect contributions from gauge-boson exchange to the matching conditions of the

other LEFT four-fermion operators are calculated similarly. Most such operators can be
generated via diagrams with the exchange of a Z0. A small subset of these also involve
W -exchange diagrams. And a few LEFT operators can be generated only via the exchange
of a W .
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Fig. 2: Z- and W -exchange contributions to OV,LLνe with flavour indices prst.

Finally, the matching conditions of certain LEFT operators receive indirect contributions
from Higgs exchange. As an example, consider the operator OV,LRee

prst
≡ (eLpγµeLr)(eRsγµeRt).

The indirect contributions come from the diagrams of Fig. 3. The Z- and h-exchange
contributions are computed similarly to the previous examples. The indirect contribution to
the matching condition is

− gZ
2

MZ
2 [ZeL ]effpr [ZeR ]effst −

1
2mh

2 (Ye)effpt (Ye)effrs
∗
. (53)

The Yukawa coupling is [Eq. (24), repeated for convenience]

(Ye)effpr = 1 + cH,kin√
2

[√
2

vT
[Me]pr −

v2
T

Λ2 CeHpr
− v4

T

Λ4 CχeH5
pr

]
.

The first term is ∼ me/vT and is negligible. For this reason, JMS, which works only to
dimension 6, argues that the h-exchange indirect contributions to the matching conditions are
unimportant. However, when one works to dimension 8, there is a non-negligible contribution
resulting from the square of the second term.

Fig. 3: Z- and h-exchange contributions to OV,LLνe with flavour indices prst.

4.1.3 Subdominant contributions. When one computes the matching conditions of
LEFT operators to higher dimensions in SMEFT, one necessarily must take into account
smaller contributions. For example, up to dimension-4 SMEFT operators, the smallest
coefficient of a four-fermion LEFT operator is O(1/v2). At dimension 6, it is O(1/Λ2), and
it falls to O(v2/Λ4) at dimension 8 (technically, O(v2

T/Λ4)).
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In the above indirect contributions, we have approximated the gauge-boson (or Higgs)
propagators as 1/v2. However, there are corrections proportional to q2/v2, giving a contri-
bution to the coefficient of O(q2/v4). For q ∼ mb (the largest low-energy scale), this is still
� 1/Λ2, so that it is unimportant for matching conditions up to dimension 6 (which is why
JMS do not mention it). However, it can be of the same order as O(v2/Λ4), the typical size
of dimension-8 SMEFT contributions.

Now, this contribution is momentum-dependent, which means that it is process-
dependent. For example, it may be important for q ∼ mb, but is not for q ∼ mµ. For this
reason, it is not included in our matching conditions, which are process-independent. Still,
it should be included in any analysis of particular observables that considers dimension-8
SMEFT contributions. (Similarly, loop-level dimension-6 SMEFT contributions must also
be taken into account [11–14].)

But this raises the question: what about momentum-dependent SMEFT contributions?
Indirect contributions involve a propagator, approximated as 1/v2, and two vertices. If
both vertices in a given diagram contribute the factor v2/Λ2, this saturates the dimension-8
contribution, so any momentum-dependent correction will be smaller. But if one vertex is
∼ 1 (the SM) and the other vertex is ∼ v2/Λ2, this yields a net contribution of O(1/Λ2),
which contributes to the matching conditions at dimension 6. In this case, a subdominant
contribution to the second vertex of ∼ qv/Λ2 would lead to a momentum-dependent SMEFT
contribution, and could potentially be important.

It turns out that such a subdominant contribution does not arise in diagrams with the
exchange of a gauge boson. It is only diagrams with Higgs exchange that contain such a
vertex term. (For example, these can be generated from operators in the dimension-6 SMEFT
class ψ2H2D (see Appendix B.1).) The subdominant SMEFT vertex is ∼ mv/Λ2 (the m
appears due to the Dirac equation), while the other vertex is the SM Higgs contribution,
∼ m/v. The net contribution is

1
v2
vm

Λ2
m

v
∼ m2

v2Λ2 �
v2

Λ4 . (54)

The bottom line is that there are no sizeable momentum-dependent SMEFT contributions
to the matching conditions.

Finally, another possibility is in the Higgs-exchange contribution to the LEFT operator
OS,LLνν
prst

through lepton-number-violating Yukawa couplings. This corresponds to the processes
shown in Fig. 4, which have the total amplitude

i

mh
2 [(Yν)effpr (Yν)effst + (Yν)effpt (Yν)effsr ] (νTLpCνLr)(νTLsCνLt) . (55)

The key point here is that the Higgs coupling (Yν)effpr is not proportional to the neutrino mass
(which is tiny). There is also a contribution from the dimension-7 term, whose coefficient
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∼ v3/Λ3 [see Eq. (26)]. This then leads to a coefficient

1
v2

v3

Λ3
v3

Λ3 = v4

Λ6 �
v2

Λ4 , (56)

i.e., it is still negligible.

Fig. 4: h-exchange contributions to OS,LLνν with flavour indices prst.

4.2 Results

The matching conditions for all four-fermion LEFT operators up to dimension 8 in
SMEFT are determined using the techniques described above for computing the direct and
indirect contributions. For the LEFT magnetic dipole moment operators, three-gluon oper-
ators and neutrino mass terms, the calculations are straightforward, as there are no indirect
contributions. The SMEFT matching conditions for all LEFT operators up to dimension 8
are given in the tables in Appendix D.

In the literature, the matching conditions of LEFT operators to dimension-7 SMEFT
operators have been calculated in Ref. [10]. The results obtained there are in agreement with
ours. The matching conditions of LEFT operators to dimension-8 SMEFT operators has only
been performed in Refs. [16,17], where the focus was on LEFT operators that lead to lepton
flavour violation. Our results agree with this analysis. Matching conditions to dimension-8
SMEFT operators have also been computed in Ref. [27], but in the context of high-energy
processes. Although LEFT operators were not involved, there is still some overlap, and we
agree here as well. Finally, the contributions of dimension-8 SMEFT operators to the SM
parameters, as described in Sec. 3, was also examined in Ref. [16], and we are in agreement.

5 Conclusions
The modern thinking is that the Standard Model is the leading part of an effective field

theory, produced when the heavy new physics is integrated out. This EFT is usually assumed
to be the SMEFT, which includes the Higgs boson. The SMEFT has been well-studied – all
operators up to dimension 8 have been worked out.
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When the heavy particles of the SM (W±, Z0, H, t) are also integrated out, one obtains
the LEFT (low-energy EFT), applicable at scales ≤ mb. In order to establish how low-energy
measurements are affected by the underlying NP, it is necessary to determine how the LEFT
operators depend on the SMEFT operators (the matching conditions).

In Ref. [9], Jenkins, Manohar and Stoffer (JMS) present a complete and non-redundant
basis of LEFT operators up to dimension 6, and compute the matching to SMEFT operators
up to dimension 6. However, if the low-energy observable in question is suppressed in the SM
and/or is very precisely measured, this may not be sufficient. Indeed, it has been pointed
out that dimension-8 SMEFT contributions may be important for electroweak precision data
from LEP, lepton-flavour-violating processes, meson-antimeson mixing, and electric dipole
moments.

In this paper, we extend the analysis of JMS: for all LEFT operators, we work out the
complete matching conditions to SMEFT operators up to dimension 8. There are direct con-
tributions to these matching conditions for all LEFT operators, and four-fermion operators
also receive indirect contributions due to the exchange of a W±, Z0 and/or H.

Should the analysis of a LEFT observable require information about dimension-8 SMEFT
contributions, that information can be found here.
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A LEFT operators up to dimension 6
The following two tables are taken from Ref. [9].

68



νν + h.c.

Oν (νTLpCνLr)

(νν)X + h.c.

Oνγ (νTLpCσµννLr)Fµν

(LR)X + h.c.

Oeγ ēLpσ
µνeRr Fµν

Ouγ ūLpσ
µνuRr Fµν

Odγ d̄Lpσ
µνdRr Fµν

OuG ūLpσ
µνTAuRrG

A
µν

OdG d̄Lpσ
µνTAdRrG

A
µν

X3

OG fABCGAνµ GBρν GCµρ

O
G̃

fABCG̃Aνµ GBρν GCµρ

(LL)(LL)

OV,LLνν (ν̄LpγµνLr)(ν̄LsγµνLt)

OV,LLee (ēLpγµeLr)(ēLsγµeLt)

OV,LLνe (ν̄LpγµνLr)(ēLsγµeLt)

OV,LLνu (ν̄LpγµνLr)(ūLsγµuLt)

OV,LLνd (ν̄LpγµνLr)(d̄LsγµdLt)

OV,LLeu (ēLpγµeLr)(ūLsγµuLt)

OV,LLed (ēLpγµeLr)(d̄LsγµdLt)

OV,LLνedu (ν̄LpγµeLr)(d̄LsγµuLt) + h.c.

OV,LLuu (ūLpγµuLr)(ūLsγµuLt)

OV,LLdd (d̄LpγµdLr)(d̄LsγµdLt)

OV 1,LL
ud (ūLpγµuLr)(d̄LsγµdLt)

OV 8,LL
ud (ūLpγµTAuLr)(d̄LsγµTAdLt)

(RR)(RR)

OV,RRee (ēRpγµeRr)(ēRsγµeRt)

OV,RReu (ēRpγµeRr)(ūRsγµuRt)

OV,RRed (ēRpγµeRr)(d̄RsγµdRt)

OV,RRuu (ūRpγµuRr)(ūRsγµuRt)

OV,RRdd (d̄RpγµdRr)(d̄RsγµdRt)

OV 1,RR
ud (ūRpγµuRr)(d̄RsγµdRt)

OV 8,RR
ud (ūRpγµTAuRr)(d̄RsγµTAdRt)

(LL)(RR)

OV,LRνe (ν̄LpγµνLr)(ēRsγµeRt)

OV,LRee (ēLpγµeLr)(ēRsγµeRt)

OV,LRνu (ν̄LpγµνLr)(ūRsγµuRt)

OV,LRνd (ν̄LpγµνLr)(d̄RsγµdRt)

OV,LReu (ēLpγµeLr)(ūRsγµuRt)

OV,LRed (ēLpγµeLr)(d̄RsγµdRt)

OV,LRue (ūLpγµuLr)(ēRsγµeRt)

OV,LRde (d̄LpγµdLr)(ēRsγµeRt)

OV,LRνedu (ν̄LpγµeLr)(d̄RsγµuRt) + h.c.

OV 1,LR
uu (ūLpγµuLr)(ūRsγµuRt)

OV 8,LR
uu (ūLpγµTAuLr)(ūRsγµTAuRt)

OV 1,LR
ud (ūLpγµuLr)(d̄RsγµdRt)

OV 8,LR
ud (ūLpγµTAuLr)(d̄RsγµTAdRt)

OV 1,LR
du (d̄LpγµdLr)(ūRsγµuRt)

OV 8,LR
du (d̄LpγµTAdLr)(ūRsγµTAuRt)

OV 1,LR
dd (d̄LpγµdLr)(d̄RsγµdRt)

OV 8,LR
dd (d̄LpγµTAdLr)(d̄RsγµTAdRt)

OV 1,LR
uddu (ūLpγµdLr)(d̄RsγµuRt) + h.c.

OV 8,LR
uddu (ūLpγµTAdLr)(d̄RsγµTAuRt) + h.c.

(LR)(LR) + h.c.

OS,RRee (ēLpeRr)(ēLseRt)

OS,RReu (ēLpeRr)(ūLsuRt)

OT,RReu (ēLpσµνeRr)(ūLsσµνuRt)

OS,RRed (ēLpeRr)(d̄LsdRt)

OT,RRed (ēLpσµνeRr)(d̄LsσµνdRt)

OS,RRνedu (ν̄LpeRr)(d̄LsuRt)

OT,RRνedu (ν̄LpσµνeRr)(d̄LsσµνuRt)

OS1,RR
uu (ūLpuRr)(ūLsuRt)

OS8,RR
uu (ūLpTAuRr)(ūLsTAuRt)

OS1,RR
ud (ūLpuRr)(d̄LsdRt)

OS8,RR
ud (ūLpTAuRr)(d̄LsTAdRt)

OS1,RR
dd (d̄LpdRr)(d̄LsdRt)

OS8,RR
dd (d̄LpTAdRr)(d̄LsTAdRt)

OS1,RR
uddu (ūLpdRr)(d̄LsuRt)

OS8,RR
uddu (ūLpTAdRr)(d̄LsTAuRt)
(LR)(RL) + h.c.

OS,RLeu (ēLpeRr)(ūRsuLt)

OS,RLed (ēLpeRr)(d̄RsdLt)

OS,RLνedu (ν̄LpeRr)(d̄RsuLt)

Table 1: The non-four-fermions LEFT operators up to dimension 6 and the dimension-6
four-fermion LEFT operators conserving B and L.
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∆L = 4 + h.c.

OS,LLνν (νTLpCνLr)(νTLsCνLt)

∆L = 2 + h.c.

OS,LLνe (νTLpCνLr)(ēRseLt)

OT,LLνe (νTLpCσµννLr)(ēRsσµνeLt)

OS,LRνe (νTLpCνLr)(ēLseRt)

OS,LLνu (νTLpCνLr)(ūRsuLt)

OT,LLνu (νTLpCσµννLr)(ūRsσµνuLt)

OS,LRνu (νTLpCνLr)(ūLsuRt)

OS,LLνd (νTLpCνLr)(d̄RsdLt)

OT,LLνd (νTLpCσµννLr)(d̄RsσµνdLt)

OS,LRνd (νTLpCνLr)(d̄LsdRt)

OS,LLνedu (νTLpCeLr)(d̄RsuLt)

OT,LLνedu (νTLpCσµνeLr)(d̄RsσµνuLt)

OS,LRνedu (νTLpCeLr)(d̄LsuRt)

OV,RLνedu (νTLpCγµeRr)(d̄LsγµuLt)

OV,RRνedu (νTLpCγµeRr)(d̄RsγµuRt)

∆B = ∆L = 1 + h.c.

OS,LLudd εαβγ(uαTLpCd
β
Lr)(d

γT
LsCνLt)

OS,LLduu εαβγ(dαTLpCu
β
Lr)(u

γT
LsCeLt)

OS,LRuud εαβγ(uαTLpCu
β
Lr)(d

γT
RsCeRt)

OS,LRduu εαβγ(dαTLpCu
β
Lr)(u

γT
RsCeRt)

OS,RLuud εαβγ(uαTRpCu
β
Rr)(d

γT
LsCeLt)

OS,RLduu εαβγ(dαTRpCu
β
Rr)(u

γT
LsCeLt)

OS,RLdud εαβγ(dαTRpCu
β
Rr)(d

γT
LsCνLt)

OS,RLddu εαβγ(dαTRpCd
β
Rr)(u

γT
LsCνLt)

OS,RRduu εαβγ(dαTRpCu
β
Rr)(u

γT
RsCeRt)

∆B = −∆L = 1 + h.c.

OS,LLddd εαβγ(dαTLpCd
β
Lr)(ēRsd

γ
Lt)

OS,LRudd εαβγ(uαTLpCd
β
Lr)(ν̄Lsd

γ
Rt)

OS,LRddu εαβγ(dαTLpCd
β
Lr)(ν̄Lsu

γ
Rt)

OS,LRddd εαβγ(dαTLpCd
β
Lr)(ēLsd

γ
Rt)

OS,RLddd εαβγ(dαTRpCd
β
Rr)(ēRsd

γ
Lt)

OS,RRudd εαβγ(uαTRpCd
β
Rr)(ν̄Lsd

γ
Rt)

OS,RRddd εαβγ(dαTRpCd
β
Rr)(ēLsd

γ
Rt)

Table 2: The dimension-6 four-fermion LEFT operators violating B and/or L.

B SMEFT operators used in this paper
B.1 Even-dimensional operators

These tables list the dimension-6 [3] and dimension-8 [7] SMEFT operators that con-
tribute to the matching conditions, separated into various categories.
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Classes Hn and HnD2

Operator WC

(H†H)3 1
Λ2CH

(H†H)4 1
Λ4CH8

(H†H)�(H†H) 1
Λ2CH�

(H†DµH)∗(H†DµH) 1
Λ2CHD

(H†H)2(DµH
†DµH) 1

Λ4C
(1)
H6

(H†H)(H†τ IH)(DµH
†τ IDµH) 1

Λ4C
(2)
H6

Classes X3Hn

Operator WC

fABCGAνµ GBρν GCµρ
1

Λ2CG

fABCG̃Aνµ GBρν GCµρ
1

Λ2CG̃

fABC(H†H)GAνµ GBρν GCµρ
1

Λ2C
(1)
G3H2

fABC(H†H)G̃Aνµ GBρν GCµρ
1

Λ2C
(2)
G3H2

Classes ψ2Hn

Operator WC

(H†H)(lperH) 1
Λ2CeH

pr

(H†H)(qpurH) 1
Λ2CuH

pr

(H†H)(qpdrH) 1
Λ2CdH

pr

(H†H)2(lperH) 1
Λ4CleH5

pr

(H†H)2(qpurH) 1
Λ4CquH5

pr

(H†H)2(qpdrH) 1
Λ4CqdH5

pr

Classes X2Hn

Operator WC

(H†H)(GAµνGAµν) 1
Λ2CHG

(H†H)(W I
µνW

Iµν) 1
Λ2CHW

(H†H)(BµνBµν) 1
Λ2CHB

(H†τ IH)(W I
µνB

µν) 1
Λ2CHWB

(H†H)2GAµνG
Aµν 1

Λ4C
(1)
G2H4

(H†H)2W I
µνW

Iµν 1
Λ4C

(1)
W 2H4

(H†τ IH)(H†τJH)W I
µνW

Jµν 1
Λ4C

(3)
W 2H4

(H†H)(H†τ IH)W I
µνB

µν 1
Λ4C

(1)
WBH4

(H†H)2BµνB
µν 1

Λ4C
(1)
B2H4

Classes ψ2XHn

Operator WC

(lpσµνer)τ IHW I
µν

1
Λ2CeW

pr

(lpσµνer)HBµν
1

Λ2CeB
pr

(qpσµνTAur)H̃GAµν
1

Λ2CuG
pr

(qpσµνur)τ IH̃W I
µν

1
Λ2CuW

pr

(qpσµνur)H̃Bµν
1

Λ2CuB
pr

(qpσµνTAdr)HGAµν
1

Λ2CdG
pr

(qpσµνdr)τ IHW I
µν

1
Λ2CdW

pr

(qpσµνdr)HBµν
1

Λ2CdB
pr

(lpσµνer)τ IH(H†H)W I
µν

1
Λ4C

(1)
leWH3
pr

(lpσµνer)H(H†τ IH)W I
µν

1
Λ4C

(2)
leWH3
pr

(lpσµνer)H(H†H)Bµν
1

Λ4CleBH3
pr

(qpσµνTAur)H̃(H†H)GAµν
1

Λ4CquGH3
pr

(qpσµνur)τ IH̃(H†H)W I
µν

1
Λ4C

(1)
quWH3
pr

(qpσµνur)H̃(H†τ IH)W I
µν

1
Λ4C

(2)
quWH3
pr

(qpσµνur)H̃(H†H)Bµν
1

Λ4CquBH3
pr

(qpσµνTAdr)H(H†H)GAµν
1

Λ4CqdGH3
pr

(qpσµνdr)τ IH(H†H)W I
µν

1
Λ4C

(1)
qdWH3
pr

(qpσµνdr)H(H†τ IH)W I
µν

1
Λ4C

(2)
qdWH3
pr

(qpσµνdr)H(H†H)Bµν
1

Λ4CqdBH3
pr

Classes ψ2HnD

Operator WC

(H†i←→D µH)(lpγµlr)
1

Λ2C
(1)
Hl
pr

(H†i←→D I
µH)(lpτ Iγµlr)

1
Λ2C

(3)
Hl
pr

(H†i←→D µH)(epγµer)
1

Λ2CHe
pr

(H†i←→D µH)(qpγµqr)
1

Λ2C
(1)
Hq
pr

(H†i←→D I
µH)(qpτ Iγµqr)

1
Λ2C

(3)
Hq
pr

(H†i←→D µH)(upγµur)
1

Λ2CHu
pr

(H†i←→D µH)(dpγµdr)
1

Λ2CHd
pr

i(H̃†DµH)(upγµdr)
1

Λ2CHud
pr

i(lpγµlr)(H†
←→
D µH)(H†H) 1

Λ4C
(1)
l2H4D
pr

i(lpγµτ I lr)[(H†
←→
D I

µH)(H†H) + (H†←→D µH)(H†τ IH)] 1
Λ4C

(2)
l2H4D
pr

iεIJK(lpγµτ I lr)(H†
←→
D J

µH)(H†τKH) 1
Λ4C

(3)
l2H4D
pr

i(epγµer)(H†
←→
D µH)(H†H) 1

Λ4Ce2H4D
pr

i(qpγµqr)(H†
←→
D µH)(H†H) 1

Λ4C
(1)
q2H4D
pr

i(qpγµτ Iqr)[(H†
←→
D I

µH)(H†H) + (H†←→D µH)(H†τ IH)] 1
Λ4C

(2)
q2H4D
pr

iεIJK(qpγµτ Iqr)(H†
←→
D J

µH)(H†τKH) 1
Λ4C

(3)
q2H4D
pr

i(upγµur)(H†
←→
D µH)(H†H) 1

Λ4Cu2H4D
pr

i(dpγµdr)(H†
←→
D µH)(H†H) 1

Λ4Cd2H4D
pr

i(upγµdr)(H̃†
←→
D µH)(H†H) 1

Λ4CudH4D
pr

Table 3: The even-dimensional non-four-fermion SMEFT operators appearing in this paper.
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Classes (LL)(LL)Hn

Operator WC

(lpγµlr)(lsγµlt)
1

Λ2C ll
prst

(qpγµqr)(qsγµqt)
1

Λ2C
(1)
qq
prst

(qpγµτ Iqr)(qsγµτ Iqt)
1

Λ2C
(3)
qq
prst

(lpγµlr)(qsγµqt)
1

Λ2C
(1)
lq
prst

(lpγµτ I lr)(qsγµτ Iqt)
1

Λ2C
(3)
lq
prst

(lpγµlr)(lsγµlt)(H†H) 1
Λ4C

(1)
l4H2
prst

(lpγµlr)(lsγµτ I lt)(H†τ IH) 1
Λ4C

(2)
l4H2
prst

(qpγµqr)(qsγµqt)(H†H) 1
Λ4C

(1)
q4H2

prst

(qpγµqr)(qsγµτ Iqt)(H†τ IH) 1
Λ4C

(2)
q4H2

prst

(qpγµτ Iqr)(qsγµτ Iqt)(H†H) 1
Λ4C

(3)
q4H2

prst

εIJK(qpγµτ Iqr)(qsγµτJqt)(H†τKH) 1
Λ4C

(5)
q4H2

prst

(lpγµlr)(qsγµqt)(H†H) 1
Λ4C

(1)
l2q2H2

prst

(lpγµτ I lr)(qsγµqt)(H†τ IH) 1
Λ4C

(2)
l2q2H2

prst

(lpγµτ I lr)(qsγµτ Iqt)(H†H) 1
Λ4C

(3)
l2q2H2

prst

(lpγµlr)(qsγµτ Iqt)(H†τ IH) 1
Λ4C

(4)
l2q2H2

prst

εIJK(lpγµτ I lr)(qsγµτJqt)(H†τKH) 1
Λ4C

(5)
l2q2H2

prst

Classes (RR)(RR)Hn

Operator WC

(epγµer)(esγµet)
1

Λ2C ee
prst

(upγµur)(usγµut)
1

Λ2C uu
prst

(dpγµdr)(dsγµdt)
1

Λ2C dd
prst

(epγµer)(usγµut)
1

Λ2C eu
prst

(epγµer)(dsγµdt)
1

Λ2C ed
prst

(upγµur)(dsγµdt)
1

Λ2C
(1)
ud
prst

(upγµTAur)(dsγµTAdt)
1

Λ2C
(8)
ud
prst

(epγµer)(esγµet)(H†H) 1
Λ4Ce4H2

prst

(upγµur)(usγµut)(H†H) 1
Λ4Cu4H2

prst

(dpγµdr)(dsγµdt)(H†H) 1
Λ4Cd4H2

prst

(epγµer)(usγµut)(H†H) 1
Λ4Ce2u2H2

prst

(epγµer)(dsγµdt)(H†H) 1
Λ4Ce2d2H2

prst

(upγµur)(dsγµdt)(H†H) 1
Λ4C

(1)
u2d2H2
prst

(upγµTAur)(dsγµTAdt)(H†H) 1
Λ4C

(2)
u2d2H2
prst

Classes (LR)(LR)Hn

Operator WC

(qjpur)εjk(qksdt)
1

Λ2C
(1)
quqd
prst

(qjpTAur)εjk(qksTAdt)
1

Λ2C
(8)
quqd
prst

(ljper)εjk(qksut)
1

Λ2C
(1)
lequ
prst

(ljpσµνer)εjk(qksσµνut)
1

Λ2C
(3)
lequ
prst

(qjpur)εjk(qksdt)(H†H) 1
Λ4C

(1)
q2udH2

prst

(qjpur)(τ Iε)jk(qksdt)(H†τ IH) 1
Λ4C

(2)
q2udH2

prst

(qjpTAur)εjk(qksTAdt)(H†H) 1
Λ4C

(3)
q2udH2

prst

(qjpTAur)(τ Iε)jk(qksTAdt)(H†τ IH) 1
Λ4C

(4)
q2udH2

prst

(ljper)εjk(qksut)(H†H) 1
Λ4C

(1)
lequH2

prst

(ljper)(τ Iε)jk(qksut)(H†τ IH) 1
Λ4C

(2)
lequH2

prst

(ljpσµνer)εjk(qksσµνut)(H†H) 1
Λ4C

(3)
lequH2

prst

(ljpσµνer)(τ Iε)jk(qksσµνut)(H†τ IH) 1
Λ4C

(4)
lequH2

prst

(lperH)(lsetH) 1
Λ4C

(3)
l2e2H2
prst

(lperH)(qsdtH) 1
Λ4C

(3)
leqdH2

prst

(lpσµνerH)(qsσµνdtH) 1
Λ4C

(4)
leqdH2

prst

(qpurH̃)(qsutH̃) 1
Λ4C

(5)
q2u2H2

prst

(qpTAurH̃)(qsTAutH̃) 1
Λ4C

(6)
q2u2H2

prst

(qpdrH)(qsdtH) 1
Λ4C

(5)
q2d2H2

prst

(qpTAdrH)(qsTAdtH) 1
Λ4C

(6)
q2d2H2

prst

Classes ( /B)ψ4Hn

Operator WC

εαβγεjk(dαTp Cuβr )(qγTjs Clkt)
1

Λ2Cduq
prst

εαβγεjk(qαTjp Cq
β
kr)(uγTs Cet)

1
Λ2Cqqu

prst

εαβγεjnεkm(qαTjp Cq
β
kr)(qγTmsClnt)

1
Λ2C qqq

prst

εαβγ(dαTp Cuβr )(uγTs Cet)
1

Λ2Cduu
prst

εαβγεjk(dαTp Cuβr )(qγTjs Clkt)(H†H) 1
Λ4C

(1)
lqudH2

prst

εαβγ(ετ I)jk(dαTp Cuβr )(qγTjs Clkt)(H†τ IH) 1
Λ4C

(2)
lqudH2

prst

εαβγεjk(qαTjp Cqβmr)(uγTs Cet)(Hm†Hk)
1

Λ4Ceq2uH2

prst

εαβγεjkεmn(qαTmpCq
β
jr)(q

γT
ks Clnt)(H†H) 1

Λ4C
(1)
lq3H2

prst

εαβγεjk(ετ I)mn(qαTmpCq
β
jr)(q

γT
ks Clnt)(H†τ IH) 1

Λ4C
(2)
lq3H2

prst

εαβγ(ετ I)jkεmn(qαTmpCq
β
jr)(q

γT
ks Clnt)(H†τ IH) 1

Λ4C
(3)
lq3H2

prst

εαβγ(dαTp Cuβr )(uγTs Cet)(H†H) 1
Λ4Ceu2dH2

prst

εαβγεjkεmn(lTjpCqαmr)(uβTs Cuγt )H̃kH̃n
1

Λ4Clqu2H2

prst

εαβγεjkεmn(lTjpCqαmr)(dβTs Cdγt )HkHn
1

Λ4Clqd2H2

prst

εαβγεjkεmn(eTp Cdαr )(qβTjs Cq
γ
mt)HkHn

1
Λ4Ceq2dH2

prst

Classes (LL)(RR)Hn

Operator WC

(lpγµlr)(esγµet)
1

Λ2C le
prst

(lpγµlr)(usγµut)
1

Λ2C lu
prst

(lpγµlr)(dsγµdt)
1

Λ2C ld
prst

(qpγµqr)(esγµet)
1

Λ2C qe
prst

(qpγµqr)(usγµut)
1

Λ2C
(1)
qu
prst

(qpγµTAqr)(usγµTAut)
1

Λ2C
(8)
qu
prst

(qpγµqr)(dsγµdt)
1

Λ2C
(1)
qd
prst

(qpγµTAqr)(dsγµTAdt)
1

Λ2C
(8)
qd
prst

(lpγµlr)(esγµet)(H†H) 1
Λ4C

(1)
l2e2H2
prst

(lpγµτ I lr)(esγµet)(H†τ IH) 1
Λ4C

(2)
l2e2H2
prst

(lpγµlr)(usγµut)(H†H) 1
Λ4C

(1)
l2u2H2
prst

(lpγµτ I lr)(usγµut)(H†τ IH) 1
Λ4C

(2)
l2u2H2
prst

(lpγµlr)(dsγµdt)(H†H) 1
Λ4C

(1)
l2d2H2
prst

(lpγµτ I lr)(dsγµdt)(H†τ IH) 1
Λ4C

(2)
l2d2H2
prst

(qpγµqr)(esγµet)(H†H) 1
Λ4C

(1)
q2e2H2

prst

(qpγµτ Iqr)(esγµet)(H†τ IH) 1
Λ4C

(2)
q2e2H2

prst

(qpγµqr)(usγµut)(H†H) 1
Λ4C

(1)
q2u2H2

prst

(qpγµτ Iqr)(usγµut)(H†τ IH) 1
Λ4C

(2)
q2u2H2

prst

(qpγµTAqr)(usγµTAut)(H†H) 1
Λ4C

(3)
q2u2H2

prst

(qpγµτ ITAqr)(usγµTAut)(H†τ IH) 1
Λ4C

(4)
q2u2H2

prst

(qpγµqr)(dsγµdt)(H†H) 1
Λ4C

(1)
q2d2H2

prst

(qpγµτ Iqr)(dsγµdt)(H†τ IH) 1
Λ4C

(2)
q2d2H2

prst

(qpγµTAqr)(dsγµTAdt)(H†H) 1
Λ4C

(3)
q2d2H2

prst

(qpγµτ ITAqr)(dsγµTAdt)(H†τ IH) 1
Λ4C

(4)
q2d2H2

prst

Classes (LR)(RL)Hn

Operator WC

(ljper)(dsq
j
t )

1
Λ2Cledq

prst

(ljper)(dsq
j
t )(H†H) 1

Λ4C
(1)
leqdH2

prst

(lper)τ I(dsqt)(H†τ IH) 1
Λ4C

(2)
leqdH2

prst

(lpdrH)(H̃†uslt)
1

Λ4Cl2udH2
prst

(lperH)(H̃†usqt)
1

Λ4C
(5)
lequH2

prst

(qpdrH)(H̃†usqt)
1

Λ4C
(5)
q2udH2

prst

(qpTAdrH)(H̃†usTAqt)
1

Λ4C
(6)
q2udH2

prst

Table 4: The even-dimensional four-fermion SMEFT operators appearing in this paper.
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B.2 Odd-dimensional operators

There is only one dimension-5 SMEFT operator: εijεkl(lTipClkr)HjHl. The basis for the
dimension-7 operators used here is equivalent to those given in Refs. [4,5].

Classes ψ2Hn

Operator WC

εijεkl(lTipClkr)HjHl
1
ΛC 5

pr

εijεkl(lTipClkr)HjHl(H†H) 1
Λ3Cl2H4

pr

Class ψ2H3D

Operator WC

iεijεkl(lTipCγµer)HjHk(DµH)l
1

Λ3CleH3D
pr

Class ψ2H2X

Operator WC

εijεkl(lTipCσµν lkr)HjHlB
µν 1

Λ3Cl2H2B
pr

εij(ετ I)kl(lTipCσµν lkr)HjHlW
Iµν 1

Λ3Cl2H2W
pr

Class ψ4H

Operator WC

εijεkl(lTipClkr)(esljt)Hl
1

Λ3Cl3eH
prst

εijεkl(lTipClkr)(dsqlt)Hj
1

Λ3C
(1)
l2dqH
prst

εijεkl(lTipCσµν lkr)(dsσµνqlt)Hj
1

Λ3C
(2)
l2dqH
prst

εij(lTipClkr)(qksut)Hj
1

Λ3Cl2quH
prst

εαβγεij(qαTkp Cq
β
ir)(l

k
sd
γ
t )H̃j

1
Λ3Cq2ldH

prst

εαβγ(dαTp Cdβr )(lsdγt )H 1
Λ3Cd3lH

prst

εαβγ(uαTp Cdβr )(lsdγt )H̃ 1
Λ3Cud2lH

prst

εij(lTipCγµer)(dsγµut)Hj
1

Λ3CleduH
prst

εαβγεij(dαTp Cdβr )(esqγit)H̃j
1

Λ3Ceqd2H
prst

Table 5: The odd-dimensional SMEFT operators appearing in this paper.

C Useful Fierz identities
The following Fierz identities are needed to derive the matching conditions given in this

paper.

C.1 For (LL)(LL) and (RR)(RR) operators

In the case of a four-lepton operator, the identities take the form

(νLpγµeLt)(eLsγµνLr) = (νLpγµνLr)(eLsγµeLt). (57)

73



In the case of a four-quark operator, color has to be taken into consideration. This is done
through the identity δαλδκβ = 2TAαβTAκλ + 1

3δαβδκλ. The identities are (for instance)

(uLpγµdLt)(dLsγµuLr) = 2(uLpγµTAuLr)(dLsγµTAdLt) + 1
3(uLpγµuLr)(dLsγµdLt). (58)

C.2 For (LL)(RR) operators

In the case of a four-lepton operator or a two-lepton and two-quark operator, the Fierz
identities take the form

(νLpeRt)(eRsνLr) = −1
2(νLpγµνLr)(eRsγµeRt). (59)

In the case of a four-quark operator, the identities take the following forms:

(uLpdRt)(dRsuLr) = −(uLpγµTAuLr)(dRsγµTAdRt)−
1
6(uLpγµuLr)(dRsγµdRt) , (60)

(uLpTAdRt)(dRsTAuLr) = −2
9(uLpγµuLr)(dRsγµdRt) + 1

6(uLpγµTAuLr)(dRsγµTAdRt). (61)

C.3 For fermion number-violating operators

The needed identities take the form

(νTLrCνLr)(eRseLt) = −1
2(νTLpCeLt)(eRsνLr)−

1
8(νTLpCσµνeLt)(eRsσµννLr) , (62)

(νTLrCνLr)(eLseRt) = −1
2(νTLpCγµeRt)(eRsγµνRr) , (63)

(νTLrCνLr)(eTLsCeLt) = −1
2(νTLpCeLt)(eTLsCνLr)−

1
8(νTLpCσµνeLt)(eTLsCσµννLr) . (64)

D Matching conditions
D.1 νν+h.c. operator

LEFT WC Matching

ΛC ν
pr

vT
2

2Λ

[
C 5
pr

+ vT
2

2Λ2Cl2H4
pr

]
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D.2 (νν)X+h.c. and (LR)X+h.c. operators

LEFT WC (+ c.c.) Matching (+ c.c.)
1

Λ2Cνγpr
vT

2

2gZΛ3

[
gCl2H2B

pr
− g′

2

(
Cl2H2W

pr
− Cl2H2W

rp

)]

1
Λ2Ceγpr

vT√
2 gZ Λ2


(
gCeB

pr
− g′CeW

pr

)
+ vT

2

2Λ2

(
gCleBH3

pr
− g′C(1)

leWH3
pr

− g′C(2)
leWH3
pr

)


1
Λ2Cuγpr

vT√
2 gZ Λ2


(
gCuB

pr
+ g′CuW

pr

)
+ vT

2

2Λ2

(
gCquBH3

pr
+ g′C

(1)
quWH3
pr

− g′C(2)
quWH3
pr

)


1
Λ2Cdγpr

vT√
2 gZ Λ2


(
gCdB

pr
− g′CdW

pr

)

+ vT
2

2Λ2

(
gCqdBH3

pr
− g′C(1)

qdWH3
pr

− g′C(2)
qdWH3
pr

)


1
Λ2CuGpr

vT√
2 Λ2

[
CuG
pr

+ vT
2

2Λ2CquGH3
pr

]
1

Λ2CdGpr

vT√
2 Λ2

[
CdG
pr

+ vT
2

2Λ2CqdGH3
pr

]
The non-physical ratios g/gZ and g′/gZ appearing here can be expressed in terms of the
corrected coupling constants g and g′ and the SMEFT WC’s, using the following equations:

g

gZ
= g√

g2 + g′2



1 + g′2vT
2

(g2 + g′2)Λ2 (CHB − CHW )

+ g′2vT
4

2(g2 + g′2)Λ4 (C(1)
B2H4 − C(1)

W 2H4)

+ vT
4

2(g2 + g′2)2Λ4

 3g′4 [CHB]2 − g′2[4g2 + g′2] [CHW ]2

+ 2g′2[2g2 − g′2]CHW CHB




, (65)

g′

gZ
= g′√

g2 + g′2



1 + g2vT
2

(g2 + g′2)Λ2 (CHW − CHB)

+ g2vT
4

2(g2 + g′2)Λ4 (C(1)
W 2H4 − C(1)

B2H4)

+ vT
4

2(g2 + g′2)2Λ4

 3g4 [CHW ]2 − g2[4g′2 + g2] [CHB]2

+ 2g2[2g′2 − g2]CHW CHB




. (66)
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D.3 X3 operators

LEFT WC Matching
1

Λ2CG
1

Λ2

[
CG + vT

2

2Λ2C
(1)
G3H2

]
1

Λ2CG̃
1

Λ2

[
CG̃ + vT

2

2Λ2C
(2)
G3H2

]

D.4 (LL)(LL) operators

LEFT WC Matching
1

Λ2C
V,LL
νν
prst

1
Λ2

[
C ll
prst

+ vT
2

2Λ2

(
C

(1)
l4H2
prst

− C(2)
l4H2
prst

− C(2)
l4H2
stpr

)]

− gZ
2

4MZ
2

(
[ZνL ]effpr [ZνL ]effst + [ZνL ]effpt [ZνL ]effsr

)
1

Λ2C
V,LL
ee
prst

1
Λ2

[
C ll
prst

+ vT
2

2Λ2

(
C

(1)
l4H2
prst

+ C
(2)
l4H2
prst

+ C
(2)
l4H2
stpr

)]

− gZ
2

4MZ
2

(
[ZeL ]effpr [ZeL ]effst + [ZeL ]effpt [ZeL ]effsr

)
1

Λ2C
V,LL
νe
prst

1
Λ2

[(
C ll
prst

+ C ll
stpr

)
+ vT

2

2Λ2

(
C

(1)
l4H2
prst

+ C
(1)
l4H2
stpr

+ C
(2)
l4H2
prst

− C(2)
l4H2
stpr

)]

− gZ
2

MZ
2 [ZνL ]effpr [ZeL ]effst −

g2

2MW
2 [Wl]effpt [Wl]effrs

∗

1
Λ2C

V,LL
uu
prst

1
Λ2

[(
C

(1)
qq
prst

+ C
(3)
qq
prst

)
+ vT

2

2Λ2

(
C

(1)
q4H2

prst

− C(2)
q4H2

prst

− C(2)
q4H2

stpr

+ C
(3)
q4H2

prst

)]

− gZ
2

2MZ
2 [ZuL ]effpr [ZuL ]effst

1
Λ2C

V,LL
dd
prst

1
Λ2

[(
C

(1)
qq
prst

+ C
(3)
qq
prst

)
+ vT

2

2Λ2

(
C

(1)
q4H2

prst

+ C
(2)
q4H2

prst

+ C
(2)
q4H2

stpr

+ C
(3)
q4H2

prst

)]

− gZ
2

2MZ
2 [ZdL ]effpr [ZdL ]effst
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LEFT WC Matching

1
Λ2C

V 1,LL
ud
prst

1
Λ2



(
C

(1)
qq
prst

+ C
(1)
qq
stpr
− C(3)

qq
prst
− C(3)

qq
stpr

+ 2
3C

(3)
qq
ptsr

+ 2
3C

(3)
qq
srpt

)

+ vT
2

2Λ2


C

(1)
q4H2

prst

+ C
(1)
q4H2

stpr

+ C
(2)
q4H2

prst

− C(2)
q4H2

stpr

− C(3)
q4H2

prst

− C(3)
q4H2

stpr

+ 2
3C

(3)
q4H2

ptsr

+ 2
3C

(3)
q4H2

srpt

+ 2i
3 C

(5)
q4H2

ptsr

− 2i
3 C

(5)
q4H2

srpt




− gZ

2

MZ
2 [ZuL ]effpr [ZdL ]effst −

g2

6MW
2 [Wq]effpt [Wq]effrs

∗

1
Λ2C

V 8,LL
ud
prst

4
Λ2

[(
C

(3)
qq
ptsr

+ C
(3)
qq
srpt

)
+ vT

2

2Λ2

(
C

(3)
q4H2

ptsr

+ C
(3)
q4H2

srpt

− iC(5)
q4H2

prst

+ iC
(5)
q4H2

stpr

)]

− g2

MW
2 [Wq]effpt [Wq]effrs

∗

1
Λ2C

V,LL
νu
prst

1
Λ2

[(
C

(1)
lq
prst

+ C
(3)
lq
prst

)
+ vT

2

2Λ2

(
C

(1)
l2q2H2

prst

− C(2)
l2q2H2

prst

+ C
(3)
l2q2H2

prst

− C(4)
l2q2H2

prst

)]

− gZ
2

MZ
2 [ZνL ]effpr [ZuL ]effst

1
Λ2C

V,LL
νd
prst

1
Λ2

[(
C

(1)
lq
prst

− C(3)
lq
prst

)
+ vT

2

2Λ2

(
C

(1)
l2q2H2

prst

− C(2)
l2q2H2

prst

− C(3)
l2q2H2

prst

+ C
(4)
l2q2H2

prst

)]

− gZ
2

MZ
2 [ZνL ]effpr [ZdL ]effst

1
Λ2C

V,LL
eu
prst

1
Λ2

[(
C

(1)
lq
prst

− C(3)
lq
prst

)
+ vT

2

2Λ2

(
C

(1)
l2q2H2

prst

+ C
(2)
l2q2H2

prst

− C(3)
l2q2H2

prst

− C(4)
l2q2H2

prst

)]

− gZ
2

MZ
2 [ZeL ]effpr [ZuL ]effst

1
Λ2C

V,LL
ed
prst

1
Λ2

[(
C

(1)
lq
prst

+ C
(3)
lq
prst

)
+ vT

2

2Λ2

(
C

(1)
l2q2H2

prst

+ C
(2)
l2q2H2

prst

+ C
(3)
l2q2H2

prst

+ C
(4)
l2q2H2

prst

)]

− gZ
2

MZ
2 [ZeL ]effpr [ZdL ]effst

1
Λ2C

V,LL
νedu
prst

+ h.c. 2
Λ2

[
C

(3)
lq
prst

+ vT
2

2Λ2

(
C

(3)
l2q2H2

prst

− iC(5)
l2q2H2

prst

)]
− g2

2MW
2 [Wl]effpr [Wq]effts

∗+c.c.
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D.5 (RR)(RR) operators

LEFT WC Matching
1

Λ2C
V,RR
ee
prst

1
Λ2

[
C ee
prst

+ vT
2

2Λ2Ce4H2
prst

]
− gZ

2

4MZ
2

(
[ZeR ]effpr [ZeR ]effst + [ZeR ]effpt [ZeR ]effsr

)
1

Λ2C
V,RR
eu
prst

1
Λ2

[
C eu
prst

+ vT
2

2Λ2Ce2u2H2
prst

]
− gZ

2

MZ
2 [ZeR ]effpr [ZuR ]effst

1
Λ2C

V,RR
ed
prst

1
Λ2

[
C ed
prst

+ vT
2

2Λ2Ce2d2H2
prst

]
− gZ

2

MZ
2 [ZeR ]effpr [ZdR ]effst

1
Λ2C

V,RR
uu
prst

1
Λ2

[
C uu
prst

+ vT
2

2Λ2Cu4H2
prst

]
− gZ

2

2MZ
2 [ZuR ]effpr [ZuR ]effst

1
Λ2C

V,RR
dd
prst

1
Λ2

[
C dd
prst

+ vT
2

2Λ2Cd4H2
prst

]
− gZ

2

2MZ
2 [ZdR ]effpr [ZdR ]effst

1
Λ2C

V 1,RR
ud
prst

1
Λ2

[
C

(1)
ud
prst

+ vT
2

2Λ2C
(1)
u2d2H2
prst

]
− gZ

2

MZ
2 [ZuR ]effpr [ZdR ]effst −

g2

6MW
2 [WR]effpt [WR]effrs

∗

1
Λ2C

V 8,RR
ud
prst

1
Λ2

[
C

(8)
ud
prst

+ vT
2

2Λ2C
(2)
u2d2H2
prst

]
− g2

MW
2 [WR]effpt [WR]effrs

∗

D.6 (LL)(RR) operators

LEFT WC Matching
1

Λ2C
V,LR
νe
prst

1
Λ2

[
C le
prst

+ vT
2

2Λ2

(
C

(1)
l2e2H2
prst

− C(2)
l2e2H2
prst

)]
− gZ

2

MZ
2 [ZνL ]effpr [ZeR ]effst

1
Λ2C

V,LR
ee
prst

1
Λ2

[
C le
prst

+ vT
2

2Λ2

(
C

(1)
l2e2H2
prst

+ C
(2)
l2e2H2
prst

)]

− gZ
2

MZ
2 [ZeL ]effpr [ZeR ]effst −

1
2mh

2 (Ye)effpt (Ye)effrs
∗

1
Λ2C

V,LR
νu
prst

1
Λ2

[
C lu
prst

+ vT
2

2Λ2

(
C

(1)
l2u2H2
prst

− C(2)
l2u2H2
prst

)]
− gZ

2

MZ
2 [ZνL ]effpr [ZuR ]effst

1
Λ2C

V,LR
eu
prst

1
Λ2

[
C lu
prst

+ vT
2

2Λ2

(
C

(1)
l2u2H2
prst

+ C
(2)
l2u2H2
prst

)]
− gZ

2

MZ
2 [ZeL ]effpr [ZuR ]effst

1
Λ2C

V,LR
νd
prst

1
Λ2

[
C ld
prst

+ vT
2

2Λ2

(
C

(1)
l2d2H2
prst

− C(2)
l2d2H2
prst

)]
− gZ

2

MZ
2 [ZνL ]effpr [ZdR ]effst

1
Λ2C

V,LR
ed
prst

1
Λ2

[
C ld
prst

+ vT
2

2Λ2

(
C

(1)
l2d2H2
prst

+ C
(2)
l2d2H2
prst

)]
− gZ

2

MZ
2 [ZeL ]effpr [ZdR ]effst

1
Λ2C

V,LR
ue
prst

1
Λ2

[
C qe
prst

+ vT
2

2Λ2

(
C

(1)
q2e2H2

prst

− C(2)
q2e2H2

prst

)]
− gZ

2

MZ
2 [ZuL ]effpr [ZeR ]effst

1
Λ2C

V,LR
de
prst

1
Λ2

[
C qe
prst

+ vT
2

2Λ2

(
C

(1)
q2e2H2

prst

+ C
(2)
q2e2H2

prst

)]
− gZ

2

MZ
2 [ZdL ]effpr [ZeR ]effst

78



LEFT WC Matching
1

Λ2C
V 1,LR
uu
prst

1
Λ2

[
C

(1)
qu
prst

+ vT
2

2Λ2

(
C

(1)
q2u2H2

prst

− C(2)
q2u2H2

prst

)]

− gZ
2

MZ
2 [ZuL ]effpr [ZuR ]effst −

1
6mh

2 (Yu)effpt (Yu)effrs
∗

1
Λ2C

V 1,LR
du
prst

1
Λ2

[
C

(1)
qu
prst

+ vT
2

2Λ2

(
C

(1)
q2u2H2

prst

+ C
(2)
q2u2H2

prst

)]
− gZ

2

MZ
2 [ZdL ]effpr [ZuR ]effst

1
Λ2C

V 8,LR
uu
prst

1
Λ2

[
C

(8)
qu
prst

+ vT
2

2Λ2

(
C

(3)
q2u2H2

prst

− C(4)
q2u2H2

prst

)]
− 1
mh

2 (Yu)effpt (Yu)effrs
∗

1
Λ2C

V 8,LR
du
prst

1
Λ2

[
C

(8)
qu
prst

+ vT
2

2Λ2

(
C

(3)
q2u2H2

prst

+ C
(4)
q2u2H2

prst

)]
1

Λ2C
V 1,LR
ud
prst

1
Λ2

[
C

(1)
qd
prst

+ vT
2

2Λ2

(
C

(1)
q2d2H2

prst

− C(2)
q2d2H2

prst

)]
− gZ

2

MZ
2 [ZuL ]effpr [ZdR ]effst

1
Λ2C

V 1,LR
dd
prst

1
Λ2

[
C

(1)
qd
prst

+ vT
2

2Λ2

(
C

(1)
q2d2H2

prst

+ C
(2)
q2d2H2

prst

)]

− gZ
2

MZ
2 [ZdL ]effpr [ZdR ]effst −

1
6mh

2 (Yd)effpt (Yd)effrs
∗

1
Λ2C

V 8,LR
ud
prst

1
Λ2

[
C

(8)
qd
prst

+ vT
2

2Λ2

(
C

(3)
q2d2H2

prst

− C(4)
q2d2H2

prst

)]
1

Λ2C
V 8,LR
dd
prst

1
Λ2

[
C

(8)
qd
prst

+ vT
2

2Λ2

(
C

(3)
q2d2H2

prst

+ C
(4)
q2d2H2

prst

)]
− 1
mh

2 (Yd)effpt (Yd)effrs
∗

1
Λ2C

V,LR
νedu
prst

+h.c. vT
2

4Λ4 Cl2udH2
tprs

∗ − g2

2MW
2 [Wl]effpr [WR]effts

∗+c.c.

1
Λ2C

V 1,LR
uddu
prst

+h.c. vT
2

2Λ4

(
1
6C

(5)
q2udH2

tprs

∗
+ 2

9C
(6)
q2udH2

tprs

∗
)

− g2

2MW
2 [Wq]effpr [WR]effts

∗ − 1
6mh

2 (Yu)effpt (Yd)effrs
∗+c.c.

1
Λ2C

V 8,LR
uddu
prst

+h.c. vT
2

2Λ4

(
C

(5)
q2udH2

tprs

∗
− 1

6C
(6)
q2udH2

tprs

∗
)

− 1
mh

2 (Yu)effpt (Yd)effrs
∗+c.c.
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D.7 (LR)(LR) operators

LEFT WC (+c.c.) Matching (+c.c.)
1

Λ2C
S,RR
ee
prst

vT
2

2Λ4 C
(3)
l2e2H2
prst

+ 1
2mh

2 (Ye)effpr(Ye)effst
1

Λ2C
S,RR
eu
prst

1
Λ2

[
−C(1)

lequ
prst

+ vT
2

2Λ2

(
−C(1)

lequH2

prst

− C(2)
lequH2

prst

)]
+ 1
mh

2 (Ye)effpr(Yu)effst

1
Λ2C

T,RR
eu
prst

1
Λ2

[
−C(3)

lequ
prst

+ vT
2

2Λ2

(
−C(3)

lequH2

prst

− C(4)
lequH2

prst

)]
1

Λ2C
S,RR
ed
prst

vT
2

2Λ4C
(3)
leqdH2

prst

+ 1
mh

2 (Ye)effpr(Yd)effst
1

Λ2C
T,RR
ed
prst

vT
2

2Λ4C
(4)
leqdH2

prst

1
Λ2C

S,RR
νedu
prst

1
Λ2

[
C

(1)
lequ
prst

+ vT
2

2Λ2

(
C

(1)
lequH2

prst

− C(2)
lequH2

prst

)]
1

Λ2C
T,RR
νedu
prst

1
Λ2

[
C

(3)
lequ
prst

+ vT
2

2Λ2

(
C

(3)
lequH2

prst

− C(4)
lequH2

prst

)]
1

Λ2C
S1,RR
uu
prst

vT
2

2Λ4 C
(5)
q2u2H2

prst

+ 1
2mh

2 (Yu)effpr(Yu)effst
1

Λ2C
S8,RR
uu
prst

vT
2

2Λ4 C
(6)
q2u2H2

prst

1
Λ2C

S1,RR
ud
prst

1
Λ2

[
C

(1)
quqd
prst

+ vT
2

2Λ2

(
C

(1)
q2udH2

prst

− C(2)
q2udH2

prst

)]
+ 1
mh

2 (Yu)effpr(Yd)effst

1
Λ2C

S8,RR
ud
prst

1
Λ2

[
C

(8)
quqd
prst

+ vT
2

2Λ2

(
C

(3)
q2udH2

prst

− C(4)
q2udH2

prst

)]
1

Λ2C
S1,RR
dd
prst

vT
2

2Λ4 C
(5)
q2d2H2

prst

+ 1
2mh

2 (Yd)effpr(Yd)effst
1

Λ2C
S8,RR
dd
prst

vT
2

2Λ4 C
(6)
q2d2H2

prst

1
Λ2C

S1,RR
uddu
prst

1
Λ2

[
−C(1)

quqd
stpr

+ vT
2

2Λ2

(
−C(1)

q2udH2

stpr

− C(2)
q2udH2

stpr

)]
1

Λ2C
S8,RR
uddu
prst

1
Λ2

[
−C(8)

quqd
prst

+ vT
2

2Λ2

(
−C(3)

q2udH2

stpr

− C(4)
q2udH2

stpr

)]
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D.8 (LR)(RL)+ h.c. operators

LEFT WC (+ c.c.) Matching (+ c.c.)
1

Λ2C
S,RL
eu
prst

vT
2

2Λ4 C
(5)
lequH2

prst

+ 1
mh

2 (Ye)effpr(Yu)effts
∗

1
Λ2C

S,RL
ed
prst

1
Λ2

[
Cledq
prst

+ vT
2

2Λ2

(
C

(1)
leqdH2

prst

+ C
(2)
leqdH2

prst

)]
+ 1
mh

2 (Ye)effpr(Yd)effts
∗

1
Λ2C

S,RL
νedu
prst

+ h.c. 1
Λ2

[
Cledq
prst

+ vT
2

2Λ2

(
C

(1)
leqdH2

prst

− C(2)
leqdH2

prst

)]

D.9 ∆L = 4+ h.c. operator

LEFT WC (+ c.c.) Matching (+ c.c.)
1

Λ2C
S,LL
νν
prst

0
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D.10 ∆L = 2+ h.c. operators

LEFT WC (+ c.c.) Matching (+ c.c.)
1

Λ2C
S,LL
νe
prst

vT

2
√

2 Λ3

[(
Cl3eH
prst

+ Cl3eH
rpst

)
+ 1

2

(
Cl3eH
tpsr

+ Cl3eH
trsp

)]
1

Λ2C
T,LL
νe
prst

vT

16
√

2 Λ3

(
Cl3eH
tpsr
− Cl3eH

trsp

)
1

Λ2C
S,LR
νe
prst

g2

2MW
2

(
[W /L

l ]effpt [Wl]effrs
∗ + [W /L

l ]effrt [Wl]effps
∗)

1
Λ2C

S,LL
νu
prst

0

1
Λ2C

T,LL
νu
prst

0

1
Λ2C

S,LR
νu
prst

vT

2
√

2 Λ3

(
Cl2quH

prst

+ Cl2quH
rpst

)
1

Λ2C
S,LL
νd
prst

vT

2
√

2 Λ3

(
C

(1)
l2dqH
prst

+ C
(1)
l2dqH
rpst

)
1

Λ2C
T,LL
νd
prst

vT

2
√

2 Λ3

(
C

(2)
l2dqH
prst

− C(2)
l2dqH
rpst

)
1

Λ2C
S,LR
νd
prst

0

1
Λ2C

S,LL
νedu
prst

− vT√
2 Λ3

C
(1)
l2qdH
prst

1
Λ2C

T,LL
νedu
prst

− vT√
2 Λ3

C
(2)
l2qdH
prst

1
Λ2C

S,LR
νedu
prst

vT√
2 Λ3

Cl2quH
prst

1
Λ2C

V,RL
νedu
prst

− g2

2MW
2 [W /L

l ]effpr [Wq]effts
∗

1
Λ2C

V,RR
νedu
prst

vT√
2 Λ3

CleduH
prst
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D.11 ∆B = ∆L = 1+ h.c. operators

LEFT WC (+ c.c.) Matching (+ c.c.)

1
Λ2C

S,LL
udd
prst

1
Λ2



(
C qqq
rpst

+ C qqq
srpt
− C qqq

rspt

)

+ vT
2

2Λ2


C

(1)
lq3H2

rpst

+ C
(1)
lq3H2

srpt

− C(1)
lq3H2

rspt

+ C
(2)
lq3H2

rpst

+ C
(2)
lq3H2

srpt

− C(2)
lq3H2

rspt

− C(3)
lq3H2

rpst

− C(3)
lq3H2

srpt

+ C
(3)
lq3H2

rspt





1
Λ2C

S,LL
duu
prst

1
Λ2



(
C qqq
rpst

+ C qqq
srpt
− C qqq

rspt

)

+ vT
2

2Λ2


C

(1)
lq3H2

rpst

+ C
(1)
lq3H2

srpt

− C(1)
lq3H2

rspt

− C(2)
lq3H2

rpst

− C(2)
lq3H2

srpt

+ C
(2)
lq3H2

rspt

+ C
(3)
lq3H2

rpst

+ C
(3)
lq3H2

srpt

− C(3)
lq3H2

rspt




1

Λ2C
S,LR
uud
prst

vT
2

2Λ4Ceq2dH2

tspr

1
Λ2C

S,LR
duu
prst

− 1
Λ2

[(
Cqqu
prst

+ Cqqu
rpst

)
+ vT

2

2Λ2Ceq2uH2

rpst

]
1

Λ2C
S,RL
uud
prst

vT
2

2Λ4Clqu2H2

tspr

1
Λ2C

S,RL
duu
prst

1
Λ2

[
Cduq
prst

+ vT
2

2Λ2

(
C

(1)
lqudH2

prst

+ C
(2)
lqudH2

prst

)]
1

Λ2C
S,RL
dud
prst

1
Λ2

[
−Cduq

prst
+ vT

2

2Λ2C
(2)
lqudH2

prst

]
1

Λ2C
S,RL
ddu
prst

vT
2

2Λ4Clqd2H2

tspr

1
Λ2C

S,RR
duu
prst

1
Λ2

[
Cduu
prst

+ vT
2

2Λ2Ceu2dH2
prst

]
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D.12 ∆B = −∆L = 1+ h.c. operators

LEFT WC (+ c.c.) Matching (+ c.c.)
1

Λ2C
S,LL
ddd
prst

0

1
Λ2C

S,LR
udd
prst

− vT√
2 Λ3

Cq2ldH
prst

1
Λ2C

S,LR
ddu
prst

0

1
Λ2C

S,LR
ddd
prst

− vT

2
√

2 Λ3

(
Cq2ldH

prst

− Cq2ldH
rpst

)
1

Λ2C
S,RL
ddd
prst

− vT√
2 Λ3

Ceqd2H
prst

1
Λ2C

S,RR
udd
prst

vT√
2 Λ3

Cud2lH
prst

1
Λ2C

S,RR
ddd
prst

vT√
2 Λ3

Cd3lH
prst
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Conclusion

Le modèle standard est universellement accepté comme le point de départ de tout dévelop-
pement menant à une théorie complète de la physique des particules. En effet, il fait des
prédictions qui ont été vérifiées expérimentalement avec une précision remarquable. La cor-
rection au facteur de Landé de l’électron en est un exemple. Cependant, il ne peut pas être
complet car il échoue à expliquer certains phénomènes. Par exemple, l’asymétrie baryonique
de l’univers, la matière sombre et la gravité sont des phénomènes qui échappent au modèle
standard. Sinon, à une échelle de mesure plus pragmatique, des données d’observables liées
entre autres à différents mésons présentent des anomalies par rapport au MS qui vont jusqu’à
4σ dans certains cas.

Pour toutes ces raisons, il est aujourd’hui généralement admis par la communauté scien-
tifique qu’il doit exister de la physique au-delà du modèle standard. La nature de cette
dernière est cependant inconnue puisqu’elle n’a jamais été observée. Ainsi, les théories ef-
ficaces de champ sont un outil parfaitement adapté à l’étude de cette nouvelle physique,
puisqu’elles permettent par leur nature de considérer toutes les possibilités sous-jacentes à
une hypothèse posée. Par exemple, la SMEFT fait l’hypothèse que la symétrie du modèle
standard, soit SU(3)C × SU(2)L × U(1)Y , est réalisée linéairement à haute énergie.

Le premier article présenté dans ce mémoire teste cette hypothèse dans le cadre de la
désintégration b→ cτντ , en comparant les données expérimentales liées à cette désintégration
avec les prédictions correspondantes de la SMEFT. L’intérêt de considérer spécifiquement
cette désintégration est que les données expérimentales liées aux mésons B sont riches en
anomalies par rapport au MS. Le lagrangien efficace la décrivant est

Leff =
(
−4GF√

2
+ CLL

V

Λ2

)
(cLγµbL)(τLγµνLτ ) + CLR

V

Λ2 (cRγµbR)(τLγµνLτ )

+ CLL
S

Λ2 (cRbL)(τRνLτ ) + CLR
S

Λ2 (cLbR)(τRνLτ ) + CT

Λ2 (cRσµνbL)(τRσµννLτ ),

où les coefficients CLL
V , CLR

V , CLL
S , CLR

S et CT sont inconnus. Si la nouvelle physique est
décrite par la SMEFT (c’est-à-dire qu’elle réalise linéairement la symétrie du modèle standard
à haute énergie), il est attendu que la valeur du coefficient CLR

V soit au plus dans l’ordre de
grandeur de vT 2/Λ2, tandis que les valeurs des quatre autres coefficients peuvent prendre des



valeurs allant jusqu’à l’ordre de grandeur de 1. Les analyses faites dans cet article produisent
des valeurs pour CLR

V qui peuvent être beaucoup plus grandes que vT 2/Λ2. Ceci permet donc
la possibilité que la physique décrivant la désintégration b→ cτντ ne soit pas décrite par la
SMEFT. Toutefois, la possibilité inverse n’est pas exclue non plus. De plus, étant donné le
manque de mesures précises d’observables liées à cette désintégration, il n’a pas été possible
de faire une analyse simultanée avec les cinq coefficients. Le mieux qui a été fait est une
analyse avec à la fois CLL

V et CLR
V . Dans le futur, lorsque plus de données expérimentales

précises liées à b→ cτντ existeront, il sera possible de déterminer de façon plus convaincante
si la physique décrivant cette désintégration réalise linéairement la symétrie du MS à haute
énergie ou non.

À ce jour, il existe plusieurs analyses des prédictions de la SMEFT qui vont jusqu’à
la dimension massive 6 (consulter [6], [7], [8], [9] et [10] pour des exemples). Toute-
fois, dans le cas de certaines données expérimentales, la précision est telle qu’il faut éga-
lement considérer les effets des dimensions massives supérieures. Ceci a été noté entre autres
dans [11], [12], [13], [14], [15] et [16]. Chacun de ces articles établit les relations de corres-
pondances entre les opérateurs LEFT et SMEFT nécessaires à l’analyse effectuée et allant
jusqu’à la dimension massive 8 de la SMEFT. Toutefois, aucun n’établit une liste complète
des relations de correspondance entre chaque opérateur LEFT jusqu’à la dimension massive
6 et les opérateurs SMEFT correspondants jusqu’à la dimension massive 8. Ce travail est
accompli, au niveau des arbres, dans le deuxième article présenté dans ce mémoire. Ceci est
une extension du travail de [6], où ces relations sont déterminées au niveau des arbres jusqu’à
la dimension massive 6 de la SMEFT. Ainsi, cet article se veut un outil général présentant
une liste complète des relations de correspondance qui pourront être utilisées dans le futur
pour effectuer des analyses phénoménologiques ayant pour but de tester les hypothèses de
la SMEFT avec une plus grande précision.
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