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Résumé

L’existence de physique au-dela du modele standard semble de plus en plus évidente, no-
tamment en raison d’observations d’anomalies dans plusieurs phénomenes. De plus, certains
phénomenes tels que la matiere noire, la gravité et I'asymétrie baryonique dans 1'univers
sont inexpliqués. Ce mémoire s’intéresse a la recherche de nouvelle physique a basse éner-
gie par I'approche des EFT et se penche sur les prédictions a 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 — ¢7~ 7, jusqu’a la dimension massive 6. Le but est de vérifier si la symétrie
du modele standard, soit SU(3)c x SU(2);, x U(1)y, est réalisée linéairement & haute éner-
gie par la nouvelle physique. Le deuxiéme article détermine les relations de correspondance
entre les opérateurs LEFT jusqu’a la dimension massive 6 et les opérateurs SMEFT jusqu’a

la dimension massive 8.

Mots Clés : Modele standard, Nouvelle physique, Brisure spontanée de symétrie, Théorie
efficace de champ, Coefficients de Wilson, Théorie efficace de champ du modele standard,

Théorie efficace de champ de basse énergie






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 — ¢77 7, decays up to mass dimension 6. The goal
is to check if the Standard Model symmetry, being SU(3)c x SU(2), x 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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Liste des sigles et des abréviations
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BSS

vev

EFT

WC

SMEFT

LEFT

Modele standard

Nouvelle physique

Brisure spontanée de symétrie

Valeur d’attente dans le vide, de 'anglais Vacuum FExpectation
Value

Théorie efficace de champ, de 'anglais Effective Field Theory

Coefficients de Wilson, de I'anglais Wilson Coefficients

Théorie efficace de champ du modele standard, de I’anglais Stan-
dard Model Effective Field Theory

Théorie efficace de champ de basse énergie, de 'anglais Low-
Energy Effective Field Theory
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Chapitre 1

Le modeéle standard

Dans ce chapitre, beaucoup de détails sont donnés sur le modele standard. L’importance

d’en discuter en large est due au fait que plusieurs des parametres et les normalisations de

plusieurs des champs concernés sont impactés par la nouvelle physique, tel que discuté a la

sous-section 2.3.1 (et dans le deuxiéme article présenté dans ce mémoire).

1.1. Particules et lagrangien

Le modele standard (MS) fournit une explication extrémement précise de pratiquement

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

masse > =2.3 MeV/c? =1.275 GeV/c?
charge > 2/3 u 213 C
spin =+ 1/2 112
up charm
=4.8 MeV/c* =95 MeV/c*
-113 d 13 S
12 112
down strange
0.511 MeV/c* 105.7 MeV/c*
-1 -1
112 e 12 ]’1
électron muon
<22eVic? <0.17 MeV/c?
0 -I) 0
12 € 112 -I)u
neutrino neutrino

électronique muonique

=173.07 GeV/c*
213 t
12
top

=4.18 GeV/c?
113 b
12

bottom

1.777 GeVic*

1

12 [

tau

<15.5 MeV/c?
.
112

neutrino
tauique

0 =126 GeV/c?
" . H
. @ |
boson
gluon de Higgs
0
. @
1
photon
91.2 GeVic*
0 0
boson Z°
80.4 GeVie?
1 i
. W
boson W*

Fig. 1.1. Les particules du MS.



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

1 1 1 -
Lys = — ZG;?VGAW N ZW#{VWIW N ZB#VBW +(DH) (DMH) + Y. il

velomdbel (1.1.1)
1 ,\? : -
_A@ﬁH_Q&)_REM%QH+QQW%WH+QQW%¢H+hq.

Les différents parametres et champs qui y ont été introduits seront expliqués dans les pro-
chaines sous-sections. Ce lagrangien est construit de sorte a avoir comme symétrie le groupe
de jauge SU(3)c x SU(2), x U(1)y ou les sous-groupes SU(3)¢ et SU(2), x U(1)y décrivent
respectivement les interactions fortes et électrofaibles. Ainsi, la dérivée covariante de la
théorie est D, = 0, + igSTAGZ1 + igtIWi +1ig'Y B,, ot les T* (pour A € {1,2,3,4,5,6,7,8}),
les t! (pour I € {1,2,3}) et Y sont les générateurs respectifs des sous-groupes SU(3)¢,
SU(2)r et U(1)y. Ils sont appelés respectivement générateurs de couleur, d’isospin faible
et d’hypercharge. Les T4 et les t! 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:

1010 10—@0 ]710 0 1001
T — 2 _ Z |, 3 _ _ 4 _

5 100, T 5 i 0 o], T 2() 10/, T 2ooo,

0 00 0 0 0 0 0 0 1 00

lb 0 —i ] 000 1bo 0 . 10 0
T°==-10 0 0|, T==10 0 1|, T7'==10 0 —i|, T8=——=10 1 O],

2 2 2 23

i 0 0 010 0 i 0 00 —2

=}

ﬂ_101 F_10<4 ﬁ_11
2101 ol 2105 0]’ 2100 —1|°

Il est a noter que les coefficients devant les termes cinétiques des bosons de jauge sont —le.
Ceci sert a 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 —}, il
aurait toujours été possible de redéfinir la normalisation du champ du boson de jauge afin

1
que le coefficient devienne T

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

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

t! agissent) et singulets de SU(2),. Concrétement, les champs fermioniques 1) apparaissant
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dans Lys prennent les expressions suivantes (dans SU(2)p):

- H . H o =ens] = [uns] = [dny]

€Lp de
Ici, les indices p représentent des indices générationnels, allant de 1 a 3. Par exemple,
€Rr1, €ra et eps représentent respectivement un électron, un muon et un tau (chacun de
chiralité droite). On note I’absence des neutrinos de chiralité droite, ce qui s’avere étre un
fait de la nature. Il est a 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)r x U(1)y, il faut que ce champ soit un doublet de SU(2):

1 [Af
1= )

ot h° 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)¢

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 T4 agissent) et
singulets de SU(3)c. Concrétement, les champs fermioniques v apparaissant dans Lyg

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

q=lql, l:m.
q

Ici, g et [ représentent respectivement un quark et un lepton quelconque (ou une composante
du doublet de SU(2), 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 quune définition).

1.1.3. Bosons de jauge

Les champs apparaissant dans les termes cinétiques des bosons de jauge sont les suivants
(ot les fABC sont les constantes de structures de SU(3)¢ et les ¢!/ sont les symboles de

Levi-Civita et les constantes de structures de SU(2)):
G4, = 0,Gy — 0,G) — g, f*PCGIGE,
Wi, = 0.W) —o,W — gf" " wWiwr,
By = 0,8, — 0,B,.
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Les champs G/’j‘ représentent les gluons et les champs W/{ et B, 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 'anglais vacuum

expectation value). Concretement:

1 |ht 1

H == — % JE—

V2 | RO V2

ou la valeur de v est celle qui minimise le potentiel de Higgs
A

0y _ N [p0y2 2

V) = 7 [0 =

Ceci est lourd d’implications physiques. Premiérement, il est a noter que la symétrie

0
ho 4+

2

SU(3)c x SU(2), x 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 champ H est substituée dans le lagrangien (1.1.1), les termes

décrivant des interactions de Yukawa génerent des masses fermioniques. Par exemple,

7 Y; T Y; rU_
_(Yve)prlpeT‘H - _(\/)ﬁp eLpeRrhO - ( \)% €LpCRr-

Le premier terme aprés BSS décrit une interaction de Yukawa avec le boson de Higgs apres

BSS. Le deuxieme terme géneére les masses des leptons chargés.
1.2.2. Apparition des masses des bosons électrofaibles

Une autre conséquence de la BSS est ’apparition de masses pour les bosons électrofaibles,
ce qui n’est pas surprenant considérant que la symétrie SU(3)c x SU(2);, x U(1)y est brisée.
Pour le voir, il faut d’abord noter que les bosons électrofaibles avant BSS (les W) et B,)
ne correspondent pas aux bosons électrofaibles qui sont connus (aprés BSS), soit les bosons
W= (W), le boson Z (Z,) et le photon (A,). Soit les transformations

W L O W)
g v2 o . v2 o

Wj’ — cosbw 2, +sinbw A,, B, — —sinfy Z, + cosbOy A,,
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ou Oy est I'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)
- !
D, H = 9,H + igt'W!H + %BMH
et (apres BSS)

+
1 ) 9w
D,H — —=9,h° + L (g cosOw + ¢’ sin Oy) (¢’ cos Oy — gsinby) (R +v).
V2 2 |- Z, A,
V2 V2

Ainsi, le terme cinétique (D, H)T(D*H) géneére les termes de masses

9242]2 W W ;@ ot +f ) Z,7" + ;(9’ — _49 ) v A AR,

Maintenant, le photon a une masse nulle. Ceci force une valeur pour I'angle de Weinberg:
/

cos by = \/ﬁ et sinfbyy = \/929_1_79/2 Les masses des bosons de jauge électrofaibles
sont alors

21)2 2_'_ 12,02
MW2=94 g 49)

Le terme cinétique (D, H)"(D*H) génére également le terme cinétique du boson de Higgs
apres BSS:

. My2=0.

1 0 1,0
S(010)(0"1°).

Le coefficient ; sert a assurer que 1’équation du mouvement du boson de Higgs soit la
bonne, c¢’est-a-dire qu’elle se réduise, en ’absence d’interaction, a I’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 apres BSS est
ig
V2
ol Q = t3+Y est le générateur de charge électrique et t+ = t' £ it?, g, = Vg2 + g2 et

e = gsinfy est la charge électrique élémentaire. Ainsi, les termes cinétiques des fermions

Dy =0, +ig TG} + —z(tTW,[ + W) +igz(t* — sin® 0w Q) Z,, + ieQA,,
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dans (1.1.1) génerent les couplages

J (vaWJreLp + Epripr)

V2

Lilpl, —
2

9z

_ A = A
— 0s (uLpTA$ Urp + deTA$ de) -
)

26(

e —
- 3 ﬂLpAuLp + g deAde
épilpep — —0z sin? Ow EszeRp + eéRpAeRIN

29z

1 2
—= + —sin® Oy

. _ A HA
uyilpu, = —gsir, T E ury +

1 ) _ _
— glprZVLp + gz <2 — sin® 9W> €LpZ€Lp +e eLpAeLp

1
) ﬂLpZULp +9z <

sin? Ow ﬂRpZURp —

Y

9

\/E(ﬂLpW+de + EpriuL;J

) aLpIZ de

1
5 — g Sin2 9W

2e

3 ﬂRpAAuva

. - _ - e—
dyilpd, — —gsdp, TG dry — %Z sin? Oy dpZdry + 5 drpAdry,

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)cx U(1)q, du moins a basse énergie.
Concretement, 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 X
SU(2) x U(1)y est réalisée par le doublet SU(2),, de Higgs (H) et des bosons de jauge G4,
W1 et B, qui sont reliés aux particules connues de la maniére 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

Etant donné une théorie de champ sous-jacente a 1’étude de certains phénomenes (par
exemple le MS pour la physique des particules), une théorie efficace de champ (EFT, de
I'anglais Effective Field Theory) consiste & approximer & basse énergie les effets de la physique
au-dela de cette théorie, appelée nouvelle physique (NP). Pour cela, elle fait appel a des
opérateurs décrivant des états initiaux et finaux de processus et ignore les détails de leurs
états intermédiaires, qui peuvent étre approximés comme étant ponctuels a basse énergie
sous I'hypothese que cette physique inconnue est lourde par rapport a 1’échelle énergétique
considérée. Cette hypothese est généralement admise car sinon cette NP aurait déja été
détectée. Une EFT est définie par un ensemble de particules, souvent celles de la théorie
acceptée, et une symétrie. En effet, méme si la nature de la NP est par définition inconnue,
une EFT définie a une certaine échelle énergétique doit respecter les symétries présentes a
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 parametre A, appelé
échelle de supression, qui a des dimensions de masse et qui est beaucoup plus grand que toute
masse considérée dans 'EFT. Ainsi, le lagrangien d'une EFT prend la forme

o0 Co
s ; ogoi A <
ou O; est I’ensemble des opérateurs de 'EFT ayant une dimension massive ¢ et les coefficients
Co sont des coefficients sans dimension physique appelés coefficients de Wilson (WC, de
I'anglais Wilson Coefficient). Ainsi, '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= > cgo,

=4 O€O;

ref __

avec les C comme WC, qui ont des dimensions massives 4 — i. Ceci n’est qu’une

Aid
différence de notation et cela ne change rien a 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 a basse énergie étaient décrites par la théorie de Fermi, qui est une EFT. Soit, en
guise d’exemple, une désintégration 1, — 1a1P31),, ol la masse de 9, est plus grande que
celles des trois autres fermions combinés, afin que la désintégration soit permise. Le processus
est décrit par

(G2

1 V3

Yy
Le lagrangien efficace correspondant est
OV (o 1t n) (3 v 0ar) + CV (o vut0n L) (Vs 7 0ar)

+ CYE (W pythrr) (V37" 0ar) + CV T (Do pibir) (V37" ar)
Log = =Gp | + C¥(Wopthnr) (@sptbar) + CFFF(optns) (3 ¢ar) , (2.21)
+ O (o 1r) (Vsgtbar) + CF (o1 r) (Vs 0ar)
|+ CT 1 (Yop0uwtbiL) (Wspo™ har) + CT’R(@2L0—HV¢1R)($3L0HV¢4R)_

oit G = 1,166 x 107> 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 réferent 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 & 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 mz — 0 et my — 0,
le fermion 153 et lantifermion 1), 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 facon de tester expérimentalement si la chiralité
est conservée ou non par les interactions faibles est de comparer les taux des désintégrations
mt = vee et 7 — v,fi. Les seules variables physiques qui distinguent ces deux processus
sont les masses des leptons produits. Les résultats expérimentaux donnent

INC = 5 2
T = ve) qoxi0t=0(™ ).
I(nt — v,fi) my,?

Ainsi, les taux de désintégration semblent diminuer a 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,

C’SvLL — CS,LR — CS,RL — CS,RR — CT’L — CT’R =0

et le lagrangien efficace (2.2.1) se réduit donc a

cvEE (JQL’YuwlL>(@3L’wa4L) + CV’LR(ﬂzL%ﬂﬁlL)(Jazﬂu?/fm)
+ OV (opythir) s v Yar) + CV (o pyuth1r) (Wspy" ar) '

Maintenant, des données expérimentales sur les distributions angulaires des désintégrations
p — v,ev, permettent de déterminer que CV:EE = 1//2 et CVER = OV:EL = CV:ER —

Ainsi, le boson chargé qui médie les interactions faibles ne couple qu’aux fermions de chiralité

£eff - _GF

gauche. Le lagrangien de la théorie de Fermi se réduit donc a

Gr

Leg = — \/i@uwwu)@gm“wﬂ

2.2.2. Physique se cachant derriére 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 — c77,. La théorie de Fermi

décrit ce processus comme

Le vrai processus est
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Puisque le boson W est massif, ses effets a basse énergie peuvent étre considérés comme
ponctuels. Autrement dit, le propagateur peut a toute fin pratique étre remplacé par un

vertex. Le premier diagramme est donc une approximation du deuxieme.

2.3. Théorie efficace de champ du modele 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'a 4o,
suggerent l'existence de physique au-dela du MS. Il est également sujet a des problemes
théoriques. Il est entre autres incapable d’expliquer la matiere noire, la gravité et 'asymé-
trie baryonique dans 'univers. La théorie efficace de champ du modéle standard (SMEFT,
de langlais Standard Model Effective Field Theory) fait ’hypothese que la NP est signifi-
cativement plus faible que le MS a basse énergie, sinon elle aurait déja été détectée. FElle
fait également I'hypothese que la symétrie du MS est réalisée linéairement a haute énergie
par la NP (cette derniére doit vérifier cette symétrie a 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 mémes particules que celles du MS
et SU(3)e x SU(2), x U(1l)y comme symétrie ; et le mécanisme de BSS est le méme que
dans le MS. Le lagrangien le plus général sous ces conditions est
Co
Ai—4

Lsmerr = Lus + Z Z
=5 Q€Q;

Q’

ou Lyg est le lagrangien du MS, soit (1.1.1), A est I’échelle de supression et pour tout
1 > 4, 9, est 'ensemble des opérateurs de dimension massive ¢ formés avec les particules
du MS et qui vérifient la symétrie SU(3)c x SU(2) x U(1l)y, c’est-a-dire qui décrivent
des processus conservant a la fois la couleur, l'isospin faible et I'hypercharge. Des bases
completes 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 parametres du MS

En plus de nouvelles interactions efficaces aux ordres supérieurs, la SMEFT implique
des redéfinitions des normalisations des champs et des corrections aux parametres du MS.
La raison a cela est que les opérateurs de dimensions supérieurs contenant des champs de
Higgs contribuent, aprés BSS, des termes ou le champ de Higgs a été remplacé par sa vev.
Certains de ces termes interferent alors avec les termes du lagrangien (1.1.1). Par exemple,
le terme /;CHD(HTD“H)*(HTDHH) du lagrangien SMEFT ajoute notamment, aprés BSS,
une perturbation au terme cinétique du boson de Higgs :
pC’HD(HTD H)*(H'D*H) — WCHD(a h%)(0"h°),
ou vr 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-a-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’a 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], ou ces

corrections et redéfinitions sont calculées jusqu’a la dimension massive 6.

2.4. Théorie efficace de champ de basse énergie

La théorie efficace de champ de basse énergie (LEFT, de anglais Low-Energy Effective
Field Theory) cherche a décrire les effets de la NP a basse énergie. Pour ce faire, la contrainte
posée par la symétrie SU(3)c x SU(2)r x U(1)y est relachée et la symétrie moins restrictive
SU3)c x U(1)g est imposée a la place ; la motivation derriere ceci étant que la physique
connue a basse énergie obéit a cette derniere. Ainsi, la LEFT a les particules légeres du MS,
c’est-a-dire toutes a 'exception du quark ¢ et des bosons W, Z et de Higgs, sa symétrie est
SU(3)cxU(1)q et les termes de 'ordre principal, correspondant aux opérateurs de dimension

massive 4, sont ceux générés par le MS apres BSS. En d’autres mots, le lagrangien est

Loper = A |Cv (07 Cp,) + h.cl [{dimd)
pr =5 0€O0;

ou A est I’échelle de supression, O; est 'ensemble des opérateurs de dimension massive ¢
(pour tout i > 4) qui décrivent des processus n’impliquant que des particules légeres du
MS et qui conservent a la fois la couleur et la charge électrique (c’est-a-dire qui vérifient la
symétrie SU(3)c x U(1)q). v},Cvi, 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
climy — _Lgagaw _Llp pa > Gily
LEFT — 4 % 4 nuv
Ye{ur,ur,dr,dr,VL,eL,€R}

- [(Me)préLpeRr + (Mu)prULpuR’r + (Md>pr8Lder + hC} )

ou la dérivée covariante de la théorie est D, = 0, + ig,T' AG;‘ +1eQA, et les My sont les
matrices de masses des différents fermions dans le modele standard. Une base complete des

opérateurs LEFT de dimension massive 6 est donnée dans [6].

2.5. Application aux désintégrations b — crv

Des anomalies par rapport au MS dans les données expérimentales d’observables liées a la
désintégration b — c77, suggere de la NP a 'ccuvre dans ce processus. Il est donc possible
d’utiliser ces données pour tester I'hypothese, sous-jacente a la SMEFT, selon laquelle la
symétrie du MS est réalisée linéairement a haute énergie. Les termes du lagrangien LEFT

décrivant ce processus sont

V,LL* — _ —
Cyedu (CLfyﬂbL) (TLftuLT) Cyedu (CRIYHbPL) (TL’tuLT)
- 1 s RR* —_ —
b T
ELEE%V = 73 C’I/edu (CRbL)(TRVLT) + Cyedu (CLbR)(TRVLT)
A 3332 3332
T,RR* v
Coegu (CrROWL)(TRO"VLr)
L 3332
V,LL* V,LLT V,LR* AV, LRT
1 Cuedu Ouedu Cuedu Ouedu
= 3332 3332 3332 3332
A2 S,RR* S,RRT S,RL* ,AS,RLT T,RR* ,AT,RRT
Cuedu Ouedu Cuedu Ol/edu + Cuedu Ol/edu
o 3332 3332 3332 3332 3332 3332

En se référant aux résultats du deuxieme article présenté dans ce mémoire, les relations de

correspondances SMEFT des WC de ces cing termes sont les suivantes :

1 e 2 l ® , vr’ < 3) (5) )] 9 P
701/8’ w o Ao C + — C —C — (W18 ,
A2 50 A2 |7, T 2N \ P PePH? My [Wilss[Wel3s

1 _vire vr® 7 fr
—cytr T o - WS WS,
s e 2Mw g WVl

1 * 1 [
C&RR = Cl(eq)u + A2 (Cz(l) - Cl(j;uH2>] )

2 ~vedu 2 2 equH?
A2 5555 A? |53k 2A 3332 3332
1 S * 1 i v

RL T (1) (2)
O8I 2 N Oy + L (0D —

vedu ledq leqdH? leqdH? J
A? 5555 A% | 3332 2A2 3332 T332

L 1 Rrr* 1 (3) ( (3) (4) )]
701/(; v A9 C equ + - | C -C .
A2 558 A2 ] b 2A2 legg?)gﬂ e :

Ce que sont exactement des relations de correspondance et comment elles sont déterminées

est expliqué dans la prochaine section. L’important a savoir pour la présente discussion
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est que chaque terme du lagrangien LEFT est généré apres 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.
V,LR* OV,LRT

vedu & la dimension

1
La seule contribution au terme du lagrangien LEFT p(]gg% vedy
massive 6 de la SMEFT vient du terme qui implique un échange de boson W, soit
—2
—gi[m]ggf[WR]ggf*. Plus précisément, cette contribution vaut

2My?
_ §2vT2 0(3) *
AMy A2 st

Il faut cependant réaliser que ce coefficient contribue a la fois aux termes qui correspondent

. L L L . : .
aux opérateurs LEFT OVLE OVIE of OVLE avec les mémes coefficients. On dit alors de

132 2232 3332
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 — c77, n’a pas la méme rareté que
les désintégrations b — cev. et b — cuv, ; elle ne peut donc pas étre expliquée par un
terme universel pour les saveurs leptoniques. Or, parmi les cinq termes du lagrangien LEFT

qui interviennent dans cette désintégration, chacun recoit une contribution non universelle

1 * T
. . . . . T . V,LR* ,AV,LR
pour les saveurs leptoniques a la dimension massive 6, a 1’exception de ECES,%@ Ogg@fg ,

qui ne regoit de telles contributions qu’a la dimension massive 8. Donc, si la SMEFT est
la bonne théorie efficace a 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 a cette

désintégration sont compatibles avec cette prédiction.

2.6. Correspondances entre les termes des lagrangiens
SMEFT et LEFT

Chaque terme du lagrangien SMEFT contribue, apres BSS, & 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 acquiere une vev. Le deuxieme, 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 ['opéra-

teur Q5L (TLpYuvir) (Trsy"vie) recoit des contributions directes des termes du lagrangien
prst

SMEFT impliquant les opérateurs Q i (Lvule) ([sy™y), Ql4H2 s (Ll ) Ly ) (HTH),
prst
Ql4H2 (Ll ) Uy M) (HTT H) et Ql4H2 s (L) (™) (HTT H). Plus précisément,
stpr

lorsque les doublets de Higgs acquieérent chacun une vev, les termes de lagrangien correspon-

dants génerent les relations suivantes :

QCquz — sz

(vaf)/u VLT) (vLs’yu VLt) + (va’Yu VLr) (éLs’yueLt)
A2 st Sprst - A2 st | 4 (@ppyuers) (TLoyvie) + (rpvuers) (rayers) |

Lom o vr? )

[ (TLpuvee) Ty vie) + (Pryyuvie) (€nsyert)
A4 4H2 HE2 T 2A4 14H? )

prst  prst prst | + (€rpVuerr)TLsY'vie) + (€rpyuerr)(€rsy*ert)
70(2) 2@ 2 UTQ (42) 2 — (UL Yuir) Ty vie) + (ﬁLp%VLr)(éLwﬂeLt)_
At prst lpgt 204 lpgt — (erpyuerr) Wrsy vie) + (€rpyuerr) (s ert) | ’
L ) v o |~ Pouvie) Zra*vi) — (Prpyuvie) (Ersyert)]
g Qlﬁtf;ff 2NN |+ @rppens) @ vie) + (Erpuess) @royer) |

Ainsi, le terme EOVLL du lagrangien LEFT recoit la contribution SMEFT

1 vr?
o lc u + L (Ol(‘lll)ﬁﬂ - 01(42]){2 - Cl(421){2>] .

prst prst stpr
Il recoit également des contributions indirectes, décrites par les processus
Vip VLt
VLp VLt
A
Z
Vir Vis Vir Vis

)

La somme des amplitudes correspondantes, en approximant a basse énergie le propagateur

. g . .(rs
d’un boson de jauge de masse M par #, 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’a la dimension massive 8, qui sont
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déterminées dans le second article présenté dans ce mémoire,

-2

19z off /— _ 19z
312 G2 e rr o) + 4 512,

Cette amplitude a basse énergie peut étre obtenue a partir du terme de lagrangien efficace

];?[ZVL]EE(PLP’Y/JVLJ (ﬁLSnyVLT) .

9?2

—2
e eff (— — 9z e
_2MZ2[ZVL]ag[ZVL]cg(VLGVMVLb)(VLC’VMVLd) = _7[ZVL];[E£[ VL]Cd OVLL-

2M 2 abed

Maintenant, la transformation de Fierz de 'opérateur (’)VdeL est O‘%ﬁj. Il s’agit du méme
aoc adc

opérateur, a un échange de saveurs pres. Ce terme de lagrangien se réécrit donc

52
9z . . )
i (BB + 2,20 O

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

1 vr?
Ao [C n + L (Cl(jl)ﬁﬂ - 01(42;[2 - 01(422[2>]

A2
CVLL prst prst stpr
A? prst 972 eff eff eff eff
~ a1 (Bl 20 )5 + 120501 20,)5)
Un autre exemple important est 'opérateur O;ég: C (TrpYuver) (€Lsy ert). Il recoit des contri-
butions directes des opérateurs SMEFT Q % (Lyyuly) (L), QZ4H2 (Ll ) Ayl (HYH)
prst
et Ql4 et (Lyuly) (L) (HI T H), obtenues A partir du lagrangien efficace

prst

1
A2 [(C u + C 1% ) 2A2 (C(41[){2 + 0(41[){2 01(421){2 Cl(‘121)12>‘| .

prst stpr prst stpr prst stpr

Il recoit également des contributions des processus

Vip €rt
Vrp €Lt
W
Z
Vir €Ls Vir €Ls
La somme des amplitudes correspondantes est
. 72 . J—
Zg V-gZ e eff (— — v Zg V-g — v
- ]l\}ZQ [ZVL]pr[ZEL]sf(VLp'YMVLT)(eLS’V ert) + 2]\M4W2 [I/Vl] [VVZ] (VLp'YueLt)(eLs'V VLr),
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ou, en effectuant une transformation de Fierz sur les spineurs de Dirac dans le deuxieme

terme,
L2 g et ety L’ ey er”
Mzg[ uL]pr[ erlst Prpyuver) (Ersyert) — 2 My 2[ l] [ z] (VLpWVLr)(eLﬂ ert)-
Cette amplitude peut étre dérivée du lagrangien efficace
L2 g vt gt T ety (o era”
MZQ[ VL]pT[ er st 2M 2[ l] [ l] (VLPV#VLT)(GLs7 ert)-

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

1 vp?
e [(C u +Cu > + QTT\Q (Cz(411)12 + C4H2 + Cl4H2 Cl4H2>‘|

CV LL _ prst stpr prst stpr prst stpr
A2 prst G52 *2
9z ff ff ff £
- MZ2 {ZVL];T[ZCL]; - 2M Q[I/Vl]e [I/Vl]e

Un autre exemple important est l'opérateur (’)VeeLt B (€rpvuerr)(@rsy*en). 11 re-

prs B
coit des contributions directes des opérateurs SMEFT Q. ({,7.l)(€s7"er),

prst

Ql(glizHg t (Lvuly)(Esy*er) (HTH) et Ql(gigHg o (Lyat!l) (@sy*e ) (HTTTH), obtenues a

prst prst
partir du lagrangien efficace

2
vr 1)
A2 [Cpiit 2A2 <012€2H2 + 02 QHQN '

prst prst

Il recoit également des contributions des processus

€Lp ERt
€rp €ERt \/
AN
7 /\\
€rLr €Rs €Lr €Rs

)

La somme des amplitudes correspondantes, en approximant a basse ¢nergie respectivement

—1
les propagateurs d’un boson de jauge de masse M et d’un boson de Higgs par ]‘3}; et ot
mp,
est
T 2 o1 (TR o) + g (VYo (uper) Ercesr)
M22 erlprl“erlst eLer €rr)\€Rs”Y €Rt mh2 e)pt e)rs eLpeRt €Rs€Lr),
ou, en effectuant une transformation de Fierz sur les spineurs de Dirac dans le deuxieme
terme,
1'972 eff eff (- — n i eff eff* = i
- 2 [ZeL]pr [ZGR]st (eLPfYHeLT)(eRSfY eRt) - 2 (}/;)pt (Y )rs (eLp’YHeLT>(eR8’y €Rt>-
MZ th
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Cette amplitude peut étre dérivée du lagrangien efficace
7
Mz*

€ € 1 e e * — —
2810l — s VO | Coesr)emntens)

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

1 vr? () (2)
- O le + -y Cl2eQH2 + Cl262H2

ic‘éeLR _ A? prst 2A2 prst prst
A2 prst g?Q off of 1 o .
o MZ2 [ZGL]pr [ZeR]st - 2mh2 (}/;)pt (}/;)rs

Dans le deuxieme article présenté dans ce mémoire, les relations de correspondance entre
les WC des termes jusqu’a 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], ol

ces relations de correspondances sont calculées jusqu’a la dimension massive 6 du lagrangien
SMEFT.
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Chapitre 3

Beyond SMEFT with b — c7 v

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 génerent au niveau des arbres et a 1’ordre de grandeur
principal (résultats présentés dans le tableau I de I'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 mémes résultats.



Abstract

Electroweak interactions assign a central role to the gauge group SU(2), x 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 v?/A%p, where v is the Higgs vev. One
such operator, OL® = (744 Prv) (¢y,Prb), contributes to b — ¢7~v. We show that present
constraints permit its non-SMEFT coefficient to have a HEFTy size. We also note that
the angular distribution in B — D*(— D7’) 7~ (— 7 v,)i, 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, my, suffices to linearly realize the electroweak gauge group SU(2);, x U(1)y. Whether
the known particles actually do linearly realize this symmetry is what distinguishes SMEF T,
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
9> Z,(uy" Pru) € Leg, which describes a non-standard Zugug coupling, naively arises at
mass-dimension 4 when SU(2); x U(1)y is nonlinearly realized [15,16], but instead arises
at dimension-6 through an operator A;*(H'D, H)(uy" Pru) when it is linearly realized, im-
plying a coupling g, ~ v?/A? that is suppressed by the ratio of Higgs vev v to a UV scale
Ap.

The assumption underlying SMEFT is that the scale A, appearing here is the same order
of magnitude as the scale A that suppresses all other dimension-6 operators If A;, ~ A then
the lower bound on A required to have generic dimension-6 SMEFT operators not be detected
also implies an upper bound on the effective dimension-4 non-SMEFT coupling g,. While
this assumption is not unreasonable, it 7s an assumption, since nothing in the power-counting
of EFTs requires the scale A, that accompanies powers of a field like H to be the same as
the scale A 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*, Z° H,t). But once these particles are removed the remaining EFT necessarily
nonlinearly realizes SU(2)r x U(1)y, while linearly realizing its U(1).,, subgroup. This is
why heavy top-quark loops can generate otherwise SM-forbidden effective interactions such
as 0Leg O 5M3VW:W“—|—5M%ZMZ“ that violate the SM condition My, = My cos 6y, 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 the W 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), x 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 — ¢ 7~ . Assuming only

left-handed neutrinos, five four-fermion b — ¢7~ v operators are possible:
O{}L’LR = (Ty*Prv) , (¢v,Pr.rD) ,
05" = (FPpv) (ePpgb) |
OT = (’T'UuVPLV) (EO’MVPLb) s (1)
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where Pp, p are the left-handed and right-handed projection operators. As we will see below,
OLR is a non-SMEFT operator: it is generated at tree level starting from a dimension-8
SMEFT operator. Because of this, the coefficient of OL® would naively be suppressed by the
small factor v2/A? if SMEFT were true at UV scales. It is usually excluded when seeking
new physics in b — ¢77 v (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); x 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 ). The one with dimension 6
(the operator @ guq) 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), x 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 (1po#4)) X w in LEFT, where X, = G, F),, 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/A; 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

(91‘,/655 : (Trpyters) (drsyuur:) + hoc. QHud i(ﬁ[TDuH)(ﬂp’y“dr) +h.c. 6— 6
dem - (0,d, H)(H',4,) + h.c. 6—8
O™+ (Erpens) (drsdre) Qeeqdm : (e H) (@, di H) 6—8
O™+ (emperr) (Ursu) Qzequm  (Gpe H) (Hg,us) 6—38
O (er,0" ey ) (dLs0 dre) Qeeqdm : (byoerH) (g0 d H) 6—38
Four-lepton operators
O%RE : (erper,)(ELsere) ‘ QEZ’ZQHQ : (CpeH) (lse, H) ‘ 6— 8
Four-quark operators
O i (v dr, ) (dpsyuur) + hec. QHud L i(HYD, H)(,y"d,) + h.c. 6 — 6
Q) e - @ H)(HTsg:) + hc, 6— 8
(’)X;CgﬁR s (W TAd L) (drsy, T uge) + hec. Qgﬁudm : (quAd H)(H'u,Tq) + h.c.
OSVER - (Uppup, ) (Ursup) u2H2 F (qpu H)(q,uH) 6—8
O™ (T up, ) (Urs T upy) Q((IGUQH2 : (QpT Ur )(QSTAut‘H)
O™ (drpdpe) (drsdpy) e+ (@,d H)(q,d:H) 6— 8
O (dp, TAd R, ) (dps TAdRy) Q?WHQ : (@, " VH)(q,T4d,H)

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 ¢ denote left-handed SU(2), doublets, while e, u
and d denote right-handed SU(2),, singlets. Here, H = ioyH* denotes the conjugate of the
Higgs doublet H.

is particularly interesting: the operator OL® of Eq. (1),

OVl = (Fuy"ve) (erubr) + hoc. (2)

that contributes to the decay b — c¢77 v [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 Q) g,q. Naively this

seems to imply that OV2 is actually a SMEFT operator after all. But there is a subtlety

I/TbC

here: @) pyq is a lepton-flavour-universal operator that generates equal effective couplings for
V.LR VLR 1 VLR V,LR

vebc vube vTbe vTbe

the operators O [28]. An effective operator that generates only O

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 O} X" and

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

Furthermore, at the 1-loop level, ©Y2% does not mix with any other LEFT operators [26].

vtbe
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The five four-fermion operators given in Eq. (1) imply that the most general LEFT

effective Hamiltonian describing b — ¢7~ v decay with left-handed neutrinos is

4GF CLL CLR
Mo = =2 VOl = S 0p - S ofn,
CLL CLR C
—%ogL— AS2 ogR—A—ZOT. (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 A, their dimensionless coefficients (the C's)
are all at most O(1). By contrast, the coefficient C&? is instead proportional to v?/A? if the
new physics is described at higher energies by SMEFT (since O&% then really descends from
a Higgs-dependent interaction with dimension 8), and so is predicted to be small if Aj, ~ A.

The beauty of b — c¢77 1 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 CH 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 CH? At present several observables have been measured
that involve the decay b — c7~v. These include

B(B — DYrv) B(B. — J/yTv)
(*) = = ¢
RIDT) = BESDom) RYY = 55 S Jim)
. _ TD(B— Djmv) R e M
Fulbr) = F(B%D*Ty)’PT(D)_m’ @

where T* = I'(B — D*7*v). P.(D*) measures the 7 polarization asymmetry while Fy(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 Off 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
OLE 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 OL? 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(B. — 7v). 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 B, 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(B. — Tv) 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 couplings® we instead perform fits in which only one or two of the effective
couplings are nonzero. We choose A = 5 TeV and consider the following three scenarios
for nonzero new-physics coefficients: either C* or CH are turned on by themselves, or
both CEF and CER are turned on together. The results of fits using these three options are
presented in Table I, and Fig. I presents the (correlated) allowed values of CLE and CLE
for the joint fit. We see that the scenario that adds only C% provides an excellent fit to

| New-physics coeff. | Best fit | p value (%) | pullgy |
CLr -3.1+0.7 51 4.1
C&R 2.8 +1.2 0.3 2.3
(CLECERY | (=3.0+0.8,0.6 + 1.2) 35 3.7

Table II: Fit results for the scenarios in which CHr, CER or both CH and CE are allowed
to be nonzero. At the best-fit point the prediction for B(B. — 7v) is ~2.8% for all scenarios.

the data. On the other hand, the fit is poor when CZf alone is added (though it is still
much better than for the SM itself). The fit remains acceptable when both C&Z* and CH are
allowed to be nonzero. In all scenarios, B(B. — 7v) is predicted to be < 3%, which easily
satisfies all constraints.

It is clear that the current data is insufficient to constrain the value for C&# in a useful
way. Both the SMEFT prediction CE* ~ v?/A? = O(1073) and CER ~ O(1) are consistent
with the joint fit with both CHE and CL® nonzero; the best-fit value CL® = 0.6 + 1.2 is
consistent with both zero and large O(1) values®. At present, the data are consistent with
the non-SMEFT coefficient CL¥ 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 (firug)(spbr) and
(firur)(5rby) in the class O3 or the OL operators of the type (firouur) (5,0 bR)
and (jipoupr)(Sro™br). These all contribute in a chirally unsupressed way to the decay
IFits 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 CLRJOEL ~ —0.2. In Ref. [35], it was assumed that the b — c7~ ¥

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 CZE and CH? at 1o (inner region) and 20 (outer region).

b — sutp~ (unlike the case in the SM), and so the addition of any of these operators can
dramatically change the prediction for B(BY — pTu~). But the measured value B(B? —
prp™) = (2.9 4+ 0.4) x 107 [36] is close to the SM prediction, so that the coefficients of
these operators cannot be larger than order O(10™*), consistent with SMEFT expectations.
Things are similar for the analogous operators contributing to b — se*e™, for which the
upper limit of B(B? — eTe™) < 9.4 x 1079 [36] constrains the coefficients of these operators
to be < O(1073), again consistent with SMEFT.

Future prospects — The above discussion shows that the non-SMEFT operator OLf
can have a large effective coupling, CE® ~ O(1) without causing observational difficulties
with b — c¢77v 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 B — D*(—
Dn")y1t=(— m v;)v,. This decay includes three final-state particles whose four-momenta
can be measured: D, 7’ and 7~. Using this information, the differential decay rate can be
constructed. This depends on two non-angular variables, ¢> and E,, as well as a number
of angular variables. Here, ¢? is the invariant mass-squared of the 7~ 7, pair and E, is the
energy of the 7~ in the 7 decay. The idea is then to separate the data into ¢>-E, 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 ¢*-E, bins there are.
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Eq. (1) lists five new-physics operators, but only four of these actually contribute to
B — D*r ;. To see why, consider the following linear combinations of the two scalar

operators:
OLS = OgR + OéL = (7_'PLI/) (Eb) s
Opp = O — O = (7Ppv) (¢ysb) . (5)

Of these, only Opp contributes to B — D*77 0.

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 ¢> and E,. Thus, if the angular distribution in B — D*(— D7) 7~ (— 7 v,)i,
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 CL¥ 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 — ¢~ v 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 — ¢pu~ v 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 — ¢ 7~ operator OF* — to be O(1)/A? for A ~ 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 — ¢ 7~ observables
whose measurement would in principle allow all of the relevant effective couplings to be de-
termined, including that of OL%. 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 — ¢7~v. 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 — sutpu~ and b — ¢77 7 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.
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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
My, we have the LEFT (low-energy EFT), formed when the heavy SM particles (W=, Z°,
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 x SU(2), x 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 (AF = 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):

6
: C
Ligrr = ﬁgﬁ?%mo e+ Lqcp+qep + Z Z An(f4 0. (1)
n=5 Ocdimn
For the SMEFT, all operators up to dimension 8 are included:
8 CQ
Lsverr =Lsm+ Y, Y, And Q@ . (2)

n=>5 Q&dimn

Still, there are two differences in our notation:
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e Our convention is to have dimensionless Wilson coefficients (WCs). For instance, for

the dimension-6 SMEFT lagrangian, we write

Co
Cé?\)/IEFT = Z A2 0. (3)
Oedim 6
This convention is different from that of JMS, which uses dimensionful WCs.

e In the unbroken phase, the SM lagrangian is

1 v 1 14 1 v
ESM - —EG:?VGAH - ZW/L/WI“ - EBMVBM
_ 1 2
Y il + (D H)(DPH) — A (HTH _ 712)
Y=q,u,d,l,e 2
— [er(Yo)pr H + yuer (V) po H + Gy (Ya)pr H + hic ]
‘9392 A SA ‘9292 I 151 ‘919/2 5
SGE GO W W B, B" . 4
* 3272 M + 3272 M + 32m2H (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 ¢, and [, are (left-handed) SU(2), doublets, while u,, d, and e, are
(right-handed) SU(2), 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
drr = Veadr + Vissp + Vipbr = Viedre (5)

where the left-hand side is a weak eigenstate, and the right-hand side is a linear combi-
nation of mass eigenstates. The V., 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
OVEL — (D er, ) (dpsyuurs) + hec., coefficient : —CVLL . (6)

vedu
A2 prst

We begin by examining the matching to the SM. That is, (’)Xéﬁf

of the Fermi theory, whose coefficient has magnitude 4Gz /+/2. The SM Lagrangian consists

is taken to be an operator

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
RC AT )
AT 2M2 o
Here, W; and W, are the couplings of the W to the lepton and quark pair, respectively. In
the SM, [Wi],» = 0, and [Wy]ts = 0r5. Knowing that the coefficient has magnitude 4G/ V2,
this leads to the well-known relation
Gr g’
V2 8ME
The matching to SMEFT at dimension 6 was computed by JMS. It is

(8)

Leovit e 4f0<

A2 A2 (Wi Wi + cc. (9)

2M2

prst
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(?g . As was the case in the
prst

SM, CV2E can also be generated by the exchange of a W between the two fermion currents.

Vedu
This isp;zpresented 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 — g. 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, VI
In SMEFT, there are dimension-6 corrections, such as H'Hy[p1). These will change
the magnitudes of the couplings, and permit inter-generational couplings, hence the
‘eft” superscript on W; and Wj,.
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 Z° 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 Lgy, in particular 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 Ay 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:

1 0
= V2 ([1 + Crum]h + ?}T) ' (10)

Here, vy and cpxin 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

2
V(H) = A <H2 - 1v2> ~Lepms - Lo, (1)

2 A2 A4
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, v, to be vp = v/2 H™", where H™™® minimizes
the Higgs potential. This implies that

3v? v { 63

14+ "
vr U<+ Cy + 39\

A2 DAl [Cul® + CHSD : (12)
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vr 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

1 202,

Loer " = B [1 T <iCHD - CHD) + 42)/%4 (Cj(t}f)i + C}?@)] (1 + capan)*(9h) (94D .
(13)
In order for this term to be properly normalized, one must have
1 2
5y o (o= 3Cm) - (4

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

V2 1 v 34
CHXkin = A*TQ (CHD — 4CHD) - - (ng + ng) + =L

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

Higgs boson mass term is

CHI S 1mass 2 2

1507 T8
T Oy L CHs] (1 + carpin)?h? . (15)
This gives the following expression for the Higgs boson mass:

302 32
ma? = (14 e P02 [QA L L oHS] | (16)

A? A*

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:

= 1

— (Yo )pr Xp¥r H + A2

where ¢ € {e,u,d} (right-handed SU(2), singlets), x € {l,¢} (left-handed SU(2);, doublets),

H=Hify e {ed} and H = H if ¢» € {u}. Here, the first term (dimension 4) belongs

to the SM and the last two terms are SMEFT operators (respectively dimension 6 and 8).

I 1 I
C’%H XpUr H(HVH) + FCXst XpUr H(HTH)? +hec. | (17)
& pr

Lepton-number-violating terms are also present:

1 g 1 3
KC,?T e (17 Cly,) HiHy + Fcppff e’ (15 Cly,) HiHi(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

ermion mass vr = m d
L - _ﬁ [(Ye)preLpeRr + (Ya)prUrpury + (Yd)prdedRT} +h.c,
3
£g§2%l§)¥7énass = 2\/_/\2 |: leeLpeRr + CuHuLpuRr + CdeLdeT‘:| + h. C., (19>
5
Fermion mass __ Ur = a7 q
LSMEFT,S = 74\/51\4 [Cle£5eLpeRT + Cq,LIL?IT_IE)uLpURT + qup]gzdeder‘| + h.c.

This gives the following mass matrices:

vr vE v
[Mypr = 7 Yo)or = 513 Cu;)g ~ I Cxﬁfs : (20)
The SMEFT neutrino mass terms are
. v vr?
Els\ll\e/luég%o mass __ ﬁ [Op5 + 2]7;20l2H4‘| ﬁEPCVLr + h.c. . (21)
T pr
This gives the following mass matrices:
vp? 2
[Ml/]pr — —T 05 2A2 CZ2H4 . (22)

3.2.2  Yukawa couplings. The SM, dimension-6 and dimension-8 SMEFT Yukawa cou-

pling terms for charged leptons and quarks are

ukawa l+c kin = I q
o™ = _(\/gk) ((Yoperperh + (Ya)plinpuneh + (Ya)prdrpdreh) + .,
3(1 + CHXi )’02 . o —
LYukawa T {Ce erperrh + Cunlip,upeh + Candr,d rh] + h.c., 23
SMEFT,6 22 A2 plj LpCR pI;I Lp%R %;I Lp“R (23)
5(1 + CHXi )’04 . . —
Yukawa _ Kin /¥ -
ESMEFT,E; = 4\/§ A4 Clepl’_}‘[SeLpeRrh + CQUPITJSULPURT}Y/ + qup]ZodedRrh + h.C.

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

e I+e in \/§ U4
ot = e |2 g, - - 3 e

AL XU (24)
There are also momentum-dependent Yukawa couplings (i.e., ordinary Yukawa couplings

Ur

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
2

5 Cle4] h VLPOVL,« +h.c. . (25)

A( A

. U
Neutrino Yukawa T
LNMERT = 1+ Chxin) lC’5 +
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This gives the following Yukawa couplings:
3
2A

pr

1
(YV)or = (1+ capn) |— [M]pr —
Ur

3 Cl2H4

(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

202
[ — Tg CHW A4 CI(;)QH41 WJUWIMV
0(3 W3 W3,UJ/
. A4 TWERHA T
ﬁElectroweak kin N
SMEFT 4 202, .
-+ [1 — F Cyp — A4 CBQH4‘| B,WBM

A4

2u7 vi
[AQ Cuwp + = C

BH4‘| W,SI/B'U'V

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

normalized. Second, the Wil,B“” 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:

B 2 3U4
g = l—I—POHw-i-wO(l)zhm QAZ [CHWP}Q’
— _1 Ulc C(l) 3”%‘ Conl2l o
g = +A2 HB+2A4 BrHA 2A4[ wBl"| 9
[ v2 1) v
WJ = 1 AY; CHW + — 2A4 Ci(/WH“ + QAZ [CHw]Q] W;i 5
[ V3 vt
BM = A2 OHB + 2/@1 C( spra 21&; [CHB]21 BM .
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At this stage, there is still a ijyB“" mixing term, as well as a separate WSVW?’W term.

These can both be removed by defining

—- 2 -
vr” ~(1)
CHWB + W W BHA
4 4 2 9
v (3) 3ur vy v
1+WCW2H4+W[OHWB]2 _W _'_%CHWBCHW
2
vt -
ws + —5 CawsCrn w>
B, | vr® 1) A B (30)
" CHWB + W CWBH4 K
2 2 ot
v (% Ur
o | T % CawsCrw 1+ S\ [Crws]?
UT2
| + Az CawsCup |
With this, we have
i 1 17 T AOMUY 1* 1014
ﬁ?ﬁ%ﬁ%\/eak K = _§W:—1/W_MV - ZW:ZVWSM - ZB;UJBM y (31)

1
where W5, = W, — O W, W; = 7

9,8, — 9,B,, and we have dropped the cubic and quartic self-coupling terms of the gauge

(W}L F ZW/%>’ Wil’ = auwi - (91,Wi, 7#1/ =

bosons.
Note that we still have the freedom to perform the following rotation:
3

W,| | cosOw sinfy| |2, (32)
B, | —sinfy cosOy A,
In terms of the new fields, we have
. 1 1 1
LBkt — W 2, N T P (3)

For completeness, we also present the results for gluons. Including the SMEFT contri-

butions up to dimension 8, the gluon kinetic term is

Gluons kin 1 21}% U% (1) A ~Apv
Lovierr = 2 1—- el Che — A Cergs| GG (34)

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

4
v

V2 V4
_ [1 2L O+ L OB+ 5o (Ol g (35)
V2 v 3vd
G = [1 + 35 O + 515 C) + oA [CHGF] g . (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

s (chf = )| miwe + wawe)
02| ¢ 2
ﬁgﬁ%?%veak e = §T 14 % Cup s ) . . ' <37)
VT (1) | (2) (9W, = 9'B)(gW™ — g'B")
I —+ m (OH6 + OH6)

We can write W,} and B, in terms of Wi, Z, and A, using the transformations described

in Sec. 3.3.1. In order to ensure a massless photon, we require that the mixing angle 8y of
Eq. (32) satisfy

r =4 —2—/2 —4 —14 4 —/2
__ gur (69°9" —g" —59") 2, Yr 99 (3)
B 1 g SA4 @2 n §/2)2 [CHWB] + G §2 + §/2 CW2H4
cos by = 7@2 " 7RG — g2 2 2
— C —C —C C C
N2 T+ 7 < HWB + op2 Cwam + Az mwB|Crw + HB})
[, §vr(69°g"” — 9" - 57" > V1 9 e
g+ 4 —2 | —=12)\2 [CHWB] - 42 | =12 TW2H4
- 1 8A (9> +77) 2M G +7
sin Oy = 7@2 " G2 — g2 o v2
e e —C —C C C
i + NP 1 5 ( HWB T oAz CWBH + A2 wwB[Crw + HB])

(38)
up to dimension 8.

Note that, while in the SM we have sinfy = ¢'/1/¢% + ¢’* and cos Oy = g/+/g% + ¢'%,
these relations no longer hold in the presence of SMEFT operators. Similalry, in the SM,

e =gqg'/\/9? + ¢’*. Including SMEFT operators, this becomes

B 99 Cuwp g viC ;(41/)3 4 7*v3.C ‘(,3)2 i

o @/ (52 + glz)AQ 2(52 _I_ §/2)A4 2(@2 + ng)A4 (39)
VIE+7% | 99 0v:Caws(Caw + Cup)  36°7%v1[Crws]?
(9% + 9%\ 2(g +77%)°A*
The masses of the W and Z are given by
—2 9 4
g v 1) (2
s 977 vt VT () )
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where
2 (1) —2.4 ~(3)
_ o —n 99viCrws | 9901Cyy sy g vrCyapa
= g+ 1+ + +
9z g g (§ —/Q)AQ (g + 9/2)A4 (g + 9/2)A4
n 99 v1Cuws(Cuw + Cup) (1o 527" [Crws)?
(@ +77)A* (9> +97%)?) 2A*
In the SM, the “charge” to which the Z° couples is Is;, — Qe sin? 0y,. When one adds
SMEFT operators up to dimension 6, the mixing angle is changed, 6y — 6y, but the Z°

(42)

coupling still has the same form: it couples to I3z — Qe sin® Oy [9]. However, when SMEFT
operators up to dimension 8 are included, this no longer holds. Instead, the Z° couples to
Is; — Qe sin? 05, where

vk

4A4 yil

sin? 0 = sin® Oy + ——[Crwp)?(sin? Oy — cos® Oy . (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 A, Wff and Z,. Their

effective couplings to fermions, as well as those of the gluon g;‘, take the following form:

— LA — .
L=-9G5" —eAujlh — \/—{WU W iwW' = 922455 (44)
in which the corresponding currents are

ng "= T T ur, + dy T, 4 Try Y T gy + dppy" T d gy

) _ 2 1- B 2 1-

Jh = —epter, + gULp’Y“ULr — §de’Y”dLr — ErpY'err + §URp’Y“URr — ngp’Y“dRr ,
= WS Taten, + WoSar, e, + [WelSag dr, + [WHSEWE Cyter,) , (45)
i = W e v, + (W dpntur, + (Wel dgyy ug, + (W ]rp (T Ceg,) ,

» (Z0 )0V Vi + [Zey Jomerp e + [Zuy Jorurpy ure + [Za, Jordpydps

Jz =

+ [ZeR}ZgERpfyueRr + [ZuR];fﬂvauuRr + [ZdR]prdRp'y dRr

Since SU(3)c x U(1)ey, remains unbroken, the currents involving gluons and photons
are fully determined by QCD and QED. This is not the case for the Wj and Z, gauge

bosons: the fermion currents to which the Wj and Z, couple are given by the following (up
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to dimension 8):

€ U 2
[VVl]1rJ£*f - 5137" + A2 C(Hl 2/€4 (Ol(2l)LI4D - ZC2H4D> ’
pr pr

[Wq]gg = Opr + A2 C 21{4 (C(gH‘lD C(2H4D> )
pr

o v? Vg
[WR] , = 2/(2 CHud + 4/(4 C dH4D )

3
WS = - Cpop

1 V3 Vg
eff _ T (1) (3) A T
[ZVL]p’r’ — iépr - W <C CHl) - 4A4 <Cl2H4D 20 2H4D> )

pr pr

12H4D + 2Cl2H4D> ) (46)
pr

7 eff_}eé _ﬁ C
[eL]pr_ZgL pr 22 Hl+ Hl

€ 1 u
[ZuL]pfrf = §QL6P7" - W (CHq CHq>

it (%
(- 16)
(o

T
ff V2 v
(ZauJpr = 5197" T 9A2 ( Hg + C’H ) ANE ) 2H4D +2C 2Igr4D> ,
1 2 Y
eff T T
[ZeR]pT igR(Spr 2A2 CHre 4A4 C e2HAD
pr
2
eff u v Ur (1)
[ZUR]pr 0 2A2 CIZ;L - m Cu2H4D ;
pr
1 v2
eff __ d
[ZdR] §9R(5pr - w CI;T 4A4 C 2H4D .

_ 4 _ 2 —
Here, we have defined ¢¢ = —1 + 2sinfy,, g¢ =1 — gsin2 07,9 = -1+ gsin2 07, g5 =

— 4 — 2 _ _
2sin? 6, g% = -3 sin? 0z, and g% = 3 sin? 07, where sin? 6 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.
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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)r, doublets and right-handed SU(2);, 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

OVLL Loy er) PLsy*vie) - (47)

It is generated by the dlmensmn 6 SMEFT operator Q 4 = (I,7,l,)(ls7"1l;). This can be

prst
seen by separating the SMEFT operator into components:

(pr/Yu Viy ) (vLs’yuth ) + (va’Y;A VLr) (éLs’yueLt)

Cquz — sz : (48)
A2 prst  prst A2 prst | 4 (ELp’yueLr>(vL37uth) + (éLpﬁ)/ueLr)<éLs’)/'ueLt)
The first term is O%HE.
prst

One dimension-8 SMEFT operator that is among the matching conditions is
Q14H2 = (Iyul)(Isy*l)(HYH).  Because the SU(2); doublets | and H are involved,

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

Q%re = Gl TP L) (HITTH) and Q5. = (Tnr'L)I™L) (HIT H).  When the
prst stpr
Higgs gets a vev, these three operators can also generate OVt

prst

1 Qup — Vb ) [ Trpuvee) (Prsy'vee) + (Prpuvir) (ELsyere)
a2 Qa2 A2 5
M 20U |+ @pvpers) T v + Epvpens) sy er)
1 Q N V7. VT (@) [ — Trpvuvee) Ly vie) + (Trpyuvee) (@ ert) |
Ui 2G4 72 A H? 5
A4 lpgt lpgt 2A4 pgt L (é p")/ueLr)<vLs’Y“VLt) + (éLp’yueLr)(éLs’yueLt) ]
1 o 02, V3, YT @) — (TrpYpee) @rsyvie) — (TrpYuver) (€rsy'ert) (49)
A4 l4H2 l4H2 2A4 4H2 # - - m .

stpr  stpr stpr ( Lp'YueLr)(VLs’Y VLt) + <€Lp'7,ueLr>(eLs'7 6Lt) ]

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

operator A O‘,/jf L, up to dimension 8, is
Loy + 2 (e, o, @ (50)
A2 [T 202 \TOH T TR ) |
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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 (’)‘l/,’ftL of Eq. (47). The indirect contributions
prs
arise from the Z-exchange diagrams of Fig. 1, when the Z° 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

=2
9z eff eff eff eff
— a0z (Bl (20,5 + (231215 (51)

eff

o are defined in Eqs. (42) and (46), respectively.

where g, and [Z,, ]
Vip VLt

Vip Vit

Z

YLy Vs Vi VLs
Fig. 1: Z-exchange contributions to @Y,/ with flavour indices prst.

Another example is the LEFT operator ngﬁf = (VipYuvir)(€rsy*er:). Here the indirect
contributions arise from the Z- and W—excha]gge 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

—2 —2

g e e g e eff*
— VZ%[ZVL]pg[ZeL]Sf - m[Wl]pﬂWl]sf : (52)
where g and [W;]SF are defined in Egs. (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 Z° 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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Vip €Lt

VLp CLt

W=
Z

Vir €Ls €Ls
Fig. 2: Z- and W-exchange contributions to OVLL with flavour indices prst.

Finally, the matching conditions of certain LEFT operators receive indirect contributions
from Higgs exchange. As an example, consider the operator OVe’eLtR = (erpvuerr)(@rsy*ent)-
The indirect contributions come from the diagrams of Fig.rs& The Z- and h-exchange
contributions are computed similarly to the previous examples. The indirect contribution to

the matching condition is

=2
9z e e 1 e eff*
- MZ2 [ZEL]pg[ZeR]sf - thg (Y:?)p?(}/@)rg : (53)
The Yukawa coupling is [Eq. (24), repeated for convenience]
1/6 eff = | — ME r Ce C 5
( )pr \/§ v [ ]P A2 1;1 A4 eH

The first term is ~ m./vr 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.

CRs €Lr €Rs
Fig. 3: Z— and h- exchange contributions to OV,1L 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/v?). At dimension 6, it is O(1/A?), and
it falls to O(v?/A?) at dimension 8 (technically, O(vZ/A%)).
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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 g2 / v?, giving a contri-
bution to the coefficient of O(g*/v*). For q ~ my, (the largest low-energy scale), this is still
< 1/A?, 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(v?/A?), 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 g ~ my, but is not for ¢ ~ m,. 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/v% and two vertices. If
both vertices in a given diagram contribute the factor v?/A?, 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 ~ v?/A?, this yields a net contribution of O(1/A?),
which contributes to the matching conditions at dimension 6. In this case, a subdominant
contribution to the second vertex of ~ qu/A? 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 ¥?H?D (see Appendix B.1).) The subdominant SMEFT vertex is ~ mv/A? (the m
appears due to the Dirac equation), while the other vertex is the SM Higgs contribution,
~ m/v. The net contribution is

1 vmm m? v?

Ay e Sar (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

Ok through lepton-number-violating Yukawa couplings. This corresponds to the processes
prst

shown in Fig. 4, which have the total amplitude

) (VL) + (V) (V) (v, Cvn) (v, Cv) (55)

mh2 pr pt ST

eff
pr

(which is tiny). There is also a contribution from the dimension-7 term, whose coefficient

The key point here is that the Higgs coupling (Y,,)S" is not proportional to the neutrino mass
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~ v3/A3 [see Eq. (26)]. This then leads to a coefficient

1 0?3 v? v?

NIy AT (56)

i.e., it is still negligible.

l/Lp th \/

Viy Vls Viy Urs

Fig. 4: h-exchange contributions to O5;*F 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=, Z° H | t) are also integrated out, one obtains
the LEFT (low-energy EFT), applicable at scales < my. 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
moients.

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*, Z° 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].
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vv + h.c. (vv)X + h.c. (LR)X + h.c. X3
O, (VngVLr) Ou’y (VngO'MVVLT)Fm/ Oe'y erpot’ery Fl Oc fABCGZwapGEﬂ
Ouy | Urpo"up, Fy O | fABCGIGErGSH
Od,y CinUl“/dRr F#V
Oua ﬂLpa‘“’TAuRT Gﬁy
OdG JLPJ“VTAdRT Gﬁ‘y
(LL)(LL) (LL)(RR) (LR)(LR) + h.c.
oyH (TLpY*vir) (PLsYuvLe) oy.LE (TLpy"vir)(ERsYueRE) O5,RR (erperr)(€rsery)
Oe‘:/éLL (erpyterr)(e szueLt) OV’LR (erpyterr)(e 5’Yu6Rt) OdeR (Erperr)(Ursurt)
O:YéLL (7L p'YHVLr)( S’YueLt) O:YuLR (v p’YuVLr)(_RS'YuuRt) OT’RR (eLpO'u err) (UL U;qut)
(oM (VLpy*vir) (ULsyuurt) ot (7o vLr) (dRsYudRe) o5 (eperr)(drsdre)
Ot | (v (drsyudie) OLER (Erpy" e ) (Wrsutine) 0" | (erpo™ere)(dLsowdr)
OVFE | (Enpyers)(ansyuure) ot (Crp*err)(drsyudm) ol | (mpers)(drsury)
OVLL (eL 'Y”eLr)(dLs’Yust) O?‘L/FLR (urpy*urr)(Ersyuert) Oféf;f (VLpoterr )( sOuURE)
O:‘//ésqf (Vrp ' ers)(drsyuure) + hec. OVLR (drpy*drr) (Ersyuert) OSLER (Urpuprr)(ULsure)
OG | (" ure)(Wrsyuure) Ouit | mer)(drepum) 4 he. OSSRR | (P Aug, ) (un, T uy)
OVLL (drpy*dre)(drsypdre) Oy LLE (urpy"ury)(URsVutRe) (951 R (urpurr)(drsdre)
Ontt | (apy use) (dosyud) OVSLR | (appy T ) (s T um) Oy ™ | (rpTup,) (AT dRy)
OVS LL (ﬁLp'YHTAqu)(JLSFY;LTAst) OVl LR (uLp')”uqu)( s'Yuth) OSl RE (ijdRr)( Lsd )
(RR)(RR) OVSLR | (@, T, ) (dpsvu T dRe) O RR | (A, TAdR,) (dps T dRe)
V.RR _
Oee (CRP7HCRT)(6R57ueRt) OVI LR (de’)”udLT)( Rs’yuum) Oi;;lﬁR (uLder)( suRt)
V,RR
Oci (eRp'yueRT)( S’Y’LURt) O(‘j/u&LR (de’YﬂT drr)(u s'YuT URt) OigdﬁR (uLpT dRr)( T URe)
V,RR
10) (Erpr"ers)(drsYudre) O;/;,LR (v dr) (drsyudne) (LR)(RL) + h.c.
OX&RR ( '7HURT)( s'YpuRt) Ol‘i/ds’LR (de”Y#TAdLr)(dRs’YHT th) OeS{LRL (éLpeRr)(ﬂRsuLt)
V.RR _ S,RL _ 7
@) (drpy"dRr)(dRsVudRe) OX;JﬁR (arpy"dry)(dRsyuure) + hc. O (erperr)(dpsdrs)
V1,RR B - S RL |/~ 5
o (arpy"urr)(dRsVudRe) OgjdﬁR (U y"TAd ) (drsYu T upe) + hec. Opiau | Wrperr)(drsurt)
OV&RR (ﬂRp'VHT URT)(dRs'YuTAth)

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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AL =4+ h.c.

S,LL
OVV

(VLpCVLr) (VLSCVLt)

AB =AL =1+ h.c.

AB =—-AL =1+ h.c.

Optt
oL
Ot
Ot
oL
Ot
OS,LL
OT LL
o:f"
Oy
OT-LL

vedu

OS LR

vedu

V,RL
Oz/edu

V,RR
Ouedu

AL =2+ h.c.
(VLPCVLT) ERsCLt)
(vi,Co"viy)(Ersowert)
(VLPCI/LT s€Rt)
(VLI;CVLT‘ RsULt)
(VL Cotvr, s ULL)
Z/Lp L) (ULsURe)
(vi,Cvir)(drsdrs)

(VLPCVLT‘ J th

(I/LPCSLT SULL)
(VLPCO'MDGLT O ULL)
(VLp06Lr 11sURt)
(VLpC’Y“BRr 11sYptLt)

(e
)(e
)(er
)(u
)(ur
vir) (U
1r)(dr

(VEpCot Vi) (drsopwdLs)
)
)(dr
)(dr
)
)(d
)

(VL Cy'err dRs'YuuRt)

S,LL
Oudd

S,LL
Oduu

S,LR
Ouud

OS LR

duu

OS RL

uud

duu

S,RL
Odud

S,RL
Oddu
OS RR

duu

apy (ufy Cdy,)(d} Cryy)
€afBy (de Cqu) (ULS CeLt)
€apy (uLp Cqu)( €Re)
€apy(d, g )(U’Rs CeRt)
€apy (U % )(d’YTceLt)
€apn (dff Cy,) (] Ceyy)
€apy(d ?{:;C % )(dWTCVLt)
oy Cdp, ) (u) Cry)
€apr (A3 Cig, ) (i, Cepy)

S,LL
Oddd

S,LR
Oudd
OS LR

ddu
Osid"
Oid”
Ovid"

S,RR
Oddd

B SMEFT operators used in this paper

B.1

Even-dimensional operators

€afBy (de CdLr) (edezt

)
EOZB’Y(UL;D )(VLs )
€apy (dF, Cdﬁr)( Vsl
oy (A2} Cdy,) €L, d)
Eaﬁw(daTCdlﬁzr)( €rs 1)
€apy (U, Cd}ﬁ:ir)( sARy)
€ay (A Oy ) (ol y)

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

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 H" and H"D? Classes X3H™ Classes > H™
Operator WwWC Operator WwC Operator WwWC
. 1 1 1
3 ABC (vAv (1Bp C
(H'H) =0 || pEeaaiasr | 50 || (HIH)GeH) | 55Cen
pr
1 1 I
4 ABC & Av Bp~C —
(HTH) 210 fABCGlrGBrGSr 2% (H'H)(q,u.H) 12 Cun
pr
1 1 I
ABC Av yBpC 1) —
(HIH)O(HH) 7zCno || fAPCHMH) G GRrGE | 5 Chape || (HUH)(@pdr H) | 5 Can
pr
1 ~ 1 - 1
* ABC Av BpC (2) 2
(H'D,H)*(H DFH) 2Cmn || f (HTH)GavGBraSr 2Ccn (H'H)?(Ipe, H) 11 Cterr
pr
2 i (1) 202 1
(H'H)?(D,HTD*H) F s (HYH)*(q,u,H) 17 Caurre
pr
i T T (2) 2= I
(H'H)(H'7'H)(D,H'r'D*H) C (HVH)*(q,d.H) 13 Caar
pr
Classes X2H" Classes > X H" Classes 2H"D
Operator WwWC Operator WwWC Operator WwWC
(HTH)(Gih, G 1306 (Upote,)r  HW, Cen (B W) @001,) Ch
A A2 A2y
Tyl E— T = T
(HTH)(W, W) T Cmw (I,o" ;) H B, 3Ces (HYi'DLH) Iy #1,) =i
; m
s 1 A -~ 1 = _
(HH)(By, B*) —Cun (@0 T4, ) HGY, —Cuc (H'i D, H)(epy*er) 7011e
A A pr A pr
. T ~ T = T
(HIr H) (W], B) A2 — Chws @0 uy )T HW, 12 Cuw (H''D . H)(@7"qr) rcﬂi
pr pr
HUH2GA GAw C(l) TRy 8] 1 “c "D HY (7 A m C( )
( ) v G2HA (‘ng uy) v Az uB (H'i m )(qu Y qr) A2 Hq
. 1 .
(HTH)*W,[, Wi pq%m @yt T4, )G, AZCdG (YD H) (@77 u,) 1 CIIu
(HY 7 H)(H ' H)W], W A4C<31H4 (@0t d, )T HW ], AZC(M (H‘zD o H)(dyyd,) Fci,’ﬁ
T — - T
(HH)(H' T H)W], B Alc‘%m (@,0"d,)HB,, Azc,lB i(H D, H) (W, d,) Azc%d
) — = = .
(H'H)?By B" pcg?)m (Ipote,)rT H(HTH)W, p l(elp)vm i(lpy"ly)(H' D\ H)(HTH) FCI(ZII)FD
pr
- . = =
(po*e,) H(HI T HYW], FC;:P)V e || 1T ) (HYD [ H)(HH) + (YD H)(HYT H)) | 01(3}14 b
pr pr
- T . - — - E
(Ipo™er) H(H H) By, | 37 Cienns i€ K (Lyytr ) (HT D H)(H 7K H) pc}:),w
pr pr
A ) 1 e =
(@0 T*u,) H(HTH)G,), 2 Caucre i(epye,)(HT D H)(HH) A4C D
pr
L E=3 T
@t ur)r H(H W, | 500 i(@,"q,)(H'D ,H)(H'H) Fc;?,,m
pr pr
T G — = n = T
@0 un) H(H T H)W}, | 550 s || 1@ r ) (YD L H)HTH) + (YD H)(H T H)) | 5080,
o or
0,0"u) H(H H) By | 2C iel K (g, el q) (H1 D H) (H' =K H )
(qpo up ) H( ) By A4 quBH? (q'W la,)( u J(H'THH) F "@HAD
r or
1 i =
@t Td, ) H(HTH)G,, pc‘ng,ﬂs i(wpy ur) (HY Dy H)(HTH) A40qu4u
— PN | — e
@0 dy )T H(HH)W, | 5080 e i(dyydy) (YD, H)(HH) AiCenin
pr
; N T [ = N I
(@0 d. ) H(H T H)WL, Fcﬁ{vm i@yt d) (BT D L H)(HTH) FiCuarrp
pr
T
(@0 dy) H(H'H) By | +5Capn
o

Table 3: The even-dimensional non-four-fermion SMEFT operators appearing in this paper.
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Classes (LL)(LL)H" Classes (LR)(LR)H" Classes (LL)(RR)H"
Operator WC Operator WwWC Operator WwWC
1 —k ) 1
(T yulr) T Fcpﬁgt (@ur)en(Tsdr) P %Lf%‘rl (Tpyuly) @ster) pcpf‘gt
(@ a) (@7a0) 5 (@T4u)ejp(@TAdy) o (Tl (@ e 50
P A2 ’ T AZ fuad P A
_ _ T 3 = k - — T
@' ar) @77 ar) 120 (Ter)eju(@ue) p e (Euly) (dsye) 2Cu
prst prst prst
T 1) (G A LC(I) P " 0(3) Y e LC
(Lpyulr) (@7 at) 2% (Lower)ejr(@so ) AQ ledu (@pVuar) (Es7Mer) 220
prst prst prst
7 = At 1 =i =k = T Al 1
@' @) 725 (@hur)eju(@Sce) (H'H) . (@) () 2l
prst prst prsi
- - - T — — T
(I ule) (1) (HTH) A4c,<},Lz @) (T @d)(HITH) | 508 e (@ T ar) (@ T ) 720
prst prst prst
_ _ . — — T
(il ) e 1) (7 H) c*;f,Lz (@ TAur)eju(qhT A dy) (HTH) —cfzd,,z (@) (st dy) =05
prst prst prst
1 T — T
@) @, ae) (' H) 3100 || @) ()@ TAdy) (' H) Fqﬁ;‘idﬂz @ ar) @ T d) 320
prst prst prst
_ _ T 2 = ke 1 n _ T
(@) @y ) (H 7' H) FC,ERNZ (lyer e (@u) (HH) ﬁ l(eq)unz (I yule) (Esy*er) (HTH) ﬁcz(ze?? 172
prst prst prsi
N 1 3 —j - — _ 1
@)@t HH) | G || B op@utTm) | ol @) @rte)(HITTH) | 508
prst prst prst
(= - ' 16 = ke _w 5 -
K @yl an) @t a) (HYTKH) | 5000 || Boweneu(@or u) (HH) Pc;f;wz (vl (@) (HTH) O
prst prst prst
7 1 1 7 3 v 4 7 — A
(yyule) (@ a) (HTH) s || o) gt un) (1) | O o (@m0 () (H ' H) Pc}?hm
prst prst prst
- — N T 2 - - T 3 - — N
(117'7;17—”7‘)(‘157}'QI)(HlTIH) A 1(2;21;12 (IPErH>(ls€IH pcl(ze)‘zl.{‘z <l7)"fltlr>(d3"l’} dl)(HlH) C,2d21;12
prst prst prs
7 S 3 7 — 3 7 — + 2
@ 1) (@ ) (HTH) A ;(23272 (per H) (q,d H) o ;(e,q)ng Ty ) (dsy¥de) (H 7" H) pcz(ﬂ}zf
prst prst prs
— . T 4 — 4
@)@ e a)(HITTH) | 5 CR (power H) (@ 0" diH) 1 Clnarre (@4, (e ee) (T H) O
prst prst prst
C 7 - 5 AN T T _ _
IR Ly 1) (g gr) (K H) A4q<2)2,,2 (@yurH) (G ue ) T 5 3‘2”2 (@ ) @yt (H T H) A4Cf522”*
prst prs prst
(@7 ur H) (@, T H) o gfmz @) @ ) HH) | 158y
— — prst prst
e)! RR)(RR)H" — — 5 — —
asses (RR)(RR) (@, H) (2,d,H) L8, @' o) @) (HTH) | 502
A a A q
Operator WC I prst prst
A — 6 _ A —
(gp,mgr)(;sfy#er/) %C e, (’ZpT 1drH)(q5T1le) PC[EZ;ZIZF (‘Ip"mT ‘QT)(US'Y} TAUL)(HTH) A C;z;zljz
prs 7S s
T — o IPA, (o A + I 2 o™
(@pypur) (@s v ur) AZ C (@t T4 ) @y T ) (H T H) A4 42;;252
Classes (B)y*H" _ = t (1)
dyyudy) (dsy™d, (v ((Ip”mflr)(ds’y di)(H'H) A2V a2
(dpyudy) (dsy"de) A2 p’%’it Operator WC A ]7’”‘
— — T P Gy ) (dsydy) (H T H Lo
(Epuer) Ty 1) 50, ek (daT Cuf) () Clyg) AZC‘,I,:;% @y’ gr)(dsydy) (H T H) MOt
— . T _-
— T - p = A A A + (3)
(epyuer) (@) pccd et gyl Caf, ) (u Cey) : Cuu || @I )y TR (HH) m%zm
prst prst prst
— — i o T BN G TAG) [P TAd) (HI T H) | 0
(u,,’yuu,»)(dsfyf d[) C;;ff P inek <q]£0qfr)<q,‘,£clm) e Cg;)sqt (Qb'\/u‘r qr)(dsy ) (H'T'H) AL qz:jf;p
- T P 5 1
@y Ty ) (dsy T dy) PC@{? eP1(dsT Cull) ()" Cey) FCS“%
s —
(@puer) @ ed) (HTH) 1c B¢k (g Cuf ) (q)] Clig) (HTH) LN Classes (LE)(RL)H"
EpYulr)(EsYE o /ig; € e (d, Uy ‘1]5 kt) Al ﬂ";‘i’f Operator WC
L Qf J (o3 2 73 3
() () (HH) A4c“:n; e er! PMdT Cul) (g Cl)(HTTH) | 57 ,;124,1,2 (er) (dead) Azcgdg
’a udl -
- - N T . N T 1
(dyrypudy)(dsy*de) (HTH) A4Cd])‘71;1[1 Bk (go Cafhy ) (u)" Cey) (H™ Hy,) MCpqzqu (Ber) (dsa)(HTH) M O
prst
=3 27 T Y IR n 0 B 1 7 3 +
(epvuer) (@ ur) (H H) Aiczuzgz Nt (g5 TOG) Gl Clu) (HYH) | 55010 || (oer) 7! (dege) (H'! H) Fc}f;d,,z
prs prst prst
I Y o] mn 1 7 7t
(@pyuer) (dsydy) (HTH) A4c e BV (er Y2l Ol ) (q)F Clu) (HT T H) Pclf.ﬁm (Tpd, H)(H,1,) A4 Clzudl;{z
prs prst prsi
(7 T M L .a afl : mn( a B i LIPNE 7 Fri— 5
(s ) (A de) (FTH) pcfﬁi,g,?g e eryre (qgh O @ Cla (1 H) | 208 || Qe (la) | 5500 s
prs prst prst
- — By ( goT 1, B — it 16
(up'y“TAU,,»)(ds'y“TAdﬁ)(H*H) C(2d272 € ’j'(deCuf)('uzTCeﬁ)(H*H) Pcwzdlt_,z (qu,»H)(Hquqf) FC(iQLdHQ
prs TS prst
IR (T Cal ) TN Ty | < Cryir || @ T H) (T8, T ) | 1708,
prst prst
ek (i Cqo, ) (dTCd)) HyHy, A4c,qdz,,z
prst
b1k (el Cd2) (g)] Cly) HiHn Fccqzdm
prst

Table 4: The even-dimensional four-fermion SMEFT operators appearing in this paper.
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B.2 (0Odd-dimensional operators

There is only one dimension-5 SMEFT operator: €€ (11 Cly,.)H;H;. The basis for the
dimension-7 operators used here is equivalent to those given in Refs. [4,5].

Classes > H" Class *H
Operator WwWC Operator WC
) I - 1
9N (1] Clyy) HyH,y 105 €M (I Clyy) (eslye) H, 5Cen
pr prst
) 1 - — 1
e (1 Cly ) HyH(HH) | 5Cre g e (I, Cle) dsa) Hy | 15C g
pr prst
17 g v 1 2
€ Jekl<l£gcauulkr)(dsgu QZt)Hj Ecl(chqH
prst
Class >H3D > _ I
v IUECU) @uH; | 5Cegun
Operator WC . prst
T I Bl (qeT o’ TP H; | —C
i€ (1] Cryte, ) HiHy (D H), Fclelz-)[fD e diy O )L d)Hj A3 q;ﬁf
- 1
ATCE) 1) | 15Coum
prst
- ~ 1
Class y2H?X P (uaTCdl)(Id) ) H 15 Cua i
prs
Operator WwWC o - T
- I e (1i,Cyper) (dsy*ur) Hj Fc’leduH
E”Ekl(lg;)CO'uylkr)HjHlB”V A3 ClezB I prst
pr B¢t (2T O dPY(e.q)) H. ~C
. 1 € € ( r)(esqzt) J eqd®>H
I (er U Clir) Hy WM | = Cp oy ! A% st
pr

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

(TrpY'er)@rsyuvir) = LY vir) (€Lsyuert). (57)
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In the case of a four-quark operator, color has to be taken into consideration. This is done

1
through the identity da20.p = 277 A T S+ 3(5045(5,.@)\ The identities are (for instance)

_ _ 1 _
(Wrpy"drs) (drsypure) = 2y T ur, ) (drsy, T dre) + g(ﬂLpW“ULr)(dLs%st)- (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

1
(VLpeRt)(ERsVLr) = _§<PLp7MVLr)(€R57ueRt)- (59)

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

_ _ 1 _
(Urpdre)(dpsury) = — (@ T, ) (dpsy, T dRe) — 6@@7” ury)(drsYudre) (60)

— 2 — 1 _
(U T dpe) (dps T4 ur,) = —§(ﬂLp’Y“ULr)(dRs%th) + 6(ﬂLp’Y“TAULr)(dRs’YuTAth)- (61)

C.3 For fermion number-violating operators

The needed identities take the form

(v, Cviy)(Crsers) = _;O/gpoeLt)(eRsVLT) - ;(Vgpoo-;wetheRso'leLr) ) (62)
0F,Con)eren) = =504, Cruend) Envns) (63)
(VngVLr)(ezsceLt) = _;(Vgpcel/t)(egscy[ﬂ") - ;(VngUHVeLt)(egsCO-MVVLT) . (64)
D Matching conditions
D.1 vv+h.c. operator
LEFT WC Matching
e gTAQ {05 30 012H4|
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D.2 (vv)X+h.c. and (LR)X+ h.c. operators
LEFT WC (+c.c.) Matching (+c.c.)
2 /
vr g _
Azcl”,l 297 A3 {90121;7423 5 (Oﬂf{)iw 012}7{;W>|
(gCeB - g,CeW>
1 U pr pr
a2 N
i + A2 9Cienm® — gCleWH3 gCleWH3
pr pr pr
(gc B+ g CuW)
1 C T
A2 2
p \/§ng + 2A2 (gCuBH?’ +gCuWH‘5 _gCuWHd>
pr pr J
ngB -9 de)
1 C T
A2 2 2
’ Vigz it + 5k 2A2 ngdBTHS - O(dWH3 - ,C(dWH3
le U PO _
A2 o Vane | TE auCH’ |
C U g+ e
ﬁ dG \/§A2 dG —i— 2A2 ngﬁs_

The non-physical ratlos g/9z and ¢'/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:

r §/20T2 -
—t 4
g*vr (1) (1)
9 3 + 2T o —cl)
92 JF+g? 3 + g o~ G ,
. UT4 3§I4 [OHB]Q . §/2 [4§2 4 6/2] [OHW]2
| 200" +97)*AT \ +297(29° — 9] Cnw Clus |
- =2, 2 -
9 vt
=2, 4
! q g vr (1) (1)
5= | g O~ )
g g
N vt 39" [Cuw)? — 7°[49” + 7°) [Cup)®
i 2@2 n §/2)2A4 + 2§2[2§/2 . §2] Crw Cirp |
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D.3 X3 operators

LEFT WC Matching
1 vr?
3o a6t o Cen
1 1 ?)T2 (2) ]
pece |z et gptom
D.4 (LL)(LL) operators
LEFT WC Matching
I wvrr 1 T’ (1)
pcprst A2 {Cpigt * W Cl;gf N Cl;gf B Cl;ltlgf
—2
gZ € € € e
~nar B2 + 1200120 057)
1 2
Loy Cu + o (O +CELL + O
A2 prst A2 p7l‘lst + 2/\2 ;ﬁf * l;gf - l;lt];[j
—2
9z e e e e
_4MZ2 ([Z€L]p§[Z€L}sg+ er pgf eL sr >
1 2
CVLL <C C ) vr oW o® c? @
s | A [\G T Tane i M S
9z° o e off*
O 212, — S WV
2
1oy Kd +CH )+ W(O% = OB — 4 08 >|
A% prst A pTSt prst 2A? prl;[t prgt stIp{r prl;[t
12,012,
2MZ2 ur lprl“urlst
2
CVLL \‘(G(qq + qu ) =i (O(i) 2 + C(f) 2 + C a2 T C(Z)) 2>|
A2 prst A prst prst 2A2 qut prI;It stlg;lr qut
|74, 8120, )
2M oas 2 “dL dr,
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LEFT WC Matching
1 1 3 3 | 2.3 , 2403
(ch +c -c@ - + 206G +50% )
prst stpr prst stpr 3 ptsr 3 srpt
CVILL 1 C( 2+C(4H2+C4H2 C(4H2 C(4H2 C(4H2
A2 prst A2 n UL prst stpr prst stpr prst stpr
2A2 (5)
+ C4 2+ C42 CY4 2_7042
L 3 qptls—lr 3 srgt 3 pt{jr 3 srlgt ]
gZ2 eff eff §2 eff eff*
_M Z[ZUL]pr[ZdL]st - 6M Q[Wq}pt [Wq]rs
4 UT2 . ~(5
CVSLL {(C( +qu> 5 (C(4 2‘|‘C4 2_10(4 2+ZC(4) 2
A? prst A ptsr srpt 2A? ptlsir er;t pvgt qstgr
g .
T2 (Wolst Wolet
1 UT2 1 4
C«VLL L 0(1) 0(3) T C( ) _ C( C C( )
A2 prst A2 pi’qst - pi’?st * 2A2 12;)]7'252 l2pi§2 " l2p:£€[2 ZQPjSI;{Q
972 eff eff
_MZQ [ZVL]pr[ZUL]st
1 vr? 1) 2) 3
7OVLL B 0(1) _ 0(3) T C( . O( _ C( ) C
A2 prst A2 pi‘%t prst " 2A2 lQp:gQ ZQPng pjgz i ijjtﬂ
972
_MZ2 [ZVL]pr[ZdL]
1 vr® 1 3) (4)
Loy | L Kcm —C(3>>+<C” + O e — Cfiaye — C
I I S AN P ) BT O G s S o A A
972 7 eff VA eff
_M 2 [ eL]pr[ uL]st
1 vT 1)
7CVLL {(Cll +C ) (C(22+C22 2+C22 2+C22 2>|
A2 prst A2 prqst prst 2A2 prg p?”g lprsl;f] prsl;fl
972 7 eff 7 eff
_W [ €L]pr[ dL]st
CVLL 2 o® 4 vr’ c®, i, )| = g Wi W, e 4 c.c.
S I Sl W T S s ) B et i
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D.5 (RR)(RR) operators
LEFT WC Matching
1 —>3
V,RR 9z off off off off
A2Cprst E \‘Ce + 2AQC;£:| o 4M 2 ([ZGR]pT[ZeR]st + [ZER,]pt [ZeR]S’I‘)
V,RR 1 vr® 9z off off
A2 Cprst E Cpiqét 2A2 062;1"23[1;[2 - MZ2 [ZeR]pr [ZUR]st
L ovian How+ 0 97 17 ez, T
A2 prst A? pfgt 2A2 eZﬁfg ’ e dr
CVRR 1 c vr? C 97" 7 jefify qeff
A prst p prq;t + 22 U;Tgf - oM, 2 [ uR]pT‘[ uR]St
V,RR 1 UT2 9z 97>
A2 Cprst E Cpcffét + 2A2 Cd;rfslf 2M aNr 2 [ZdR] [ZdR]
1 _virr 1 (1) vy (1) 9z off off g off*
nud | ae |t T 2‘?1?2 - My ZunlprlZanlit = p 2 Wl Wl
1 vsrr L1 ® @) -
—C' — |C C — W, Wrgl¢
A2 A2 [T *3 202 LI | My 2 Vb Val:?
D.6 (LL)(RR) operators
LEFT WwWC Matching
1 —>3
V,.LR (1) (2) 9z e e
A2 Cprst ﬁ \‘Cplrest + 2A2 <Cl2€2];:[2 B Cl2621%[2>| o M 2 [ZVL]pg[ZeR]stﬂ
prs prs
1 V2
V,LR T (1)
W, A {%t o (e H>|
prs prs
_ 9?2 [Z ]eff[Z ]eff _ L (Y )eff(y )eff*
MZ2 eLlprl~erlst 2mh2 e/pt\~€Jrs
1 vr? T2
V,LR T 9z off off
A2 Cprst A2 Cplrlét + 2A2 < 2y 21;72 B l2 2[;[2> - MZ2 [ZVL]pT[ZuR]St
L prs prs J
CVLR i C ﬁ C LZZ 7 eff[z  qeff
A2 g | A2 | T one \ T + G, 2132 - MZQ[ eilprl Zurl
L prs prs J
CVLR i C’ld + UL CQ 272 T 2 2 2 - £Z2[Z,, ] [Zd ]
AQ prst AQ | prst 2A2 lng l}z)iTg | MZ2 Lipr R
Lovan | Llo, v (o, 02 )| - P22, 1602, 1
Az <, AZ | T oAz %M;r2 12d21§2 M2 CerlorlZdnlst
TS L prs prs ]
CVLR 1 Ca 1+ T vp” C’ 9z 7 qelify el
A2 prst A2 p‘f.it A2 21}{2 o 21;12 o MZQ[ uL]pT[ eR,]st
L prs prs |
1 vr? T,2
L wvir | L . T Gz o
A2 Cprst A2 _CPZSt + 2A2 < pstgZ + ;71132)_ M M2 [ZdL] [ZGR]St
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LEFT WC
A2 CVl LR I MatChing
prst p \‘C( ) _|_ -+ (1)
prst 2A2 CYqzu2H2 C( w2 >|
—9 stt H2
_QL[ Z, |1 1 ot
M 2 ur ;T‘ [Z”LL gff — e
ﬁc«\/l LR 1 (1 R] t 6mh2 (Yu)pg(yu)ig*
~ oW UT
prst A2 | C’( @ —3
prst 2A2 2T C 2H2)| Yz 7 et
A2 C’VS LR i (8) 2 pmt p”t MZQ[ dL]pT[ZuR]?tT
prst A2 Cqu —|— - 0(3)
Pfst 2A2 Pu?H? O( 2H2>| - L &
T o 2 ey~ )] e TR
p?"st Ao C(S) UTQ
A2 + L (c®
PTst 2A2 ?u?H? + C pe
Cvl LR prst u?H?
A2 C UT prst
pvst A2 C( 2) 7.2
prst 2/\2 Pd2H? Cq2d2H2>| _ 9z 7
- CVl LR : prst prst MZ2 [ “L]pr [ZdR]
prst - C( )
A2 + W C(;iﬁ , 4+
72 prst q prs}tI qQI;i:SIgQ
—\|Z 1
2 Cvs LR 1 R] 61,2 (Yd)pg(yd)ig*
et e {C( ) + RN oTC) @)
prst 2A2 q?d*>H? -C e
70‘/8 .LR 1 prst v
A2 — C’( ) prst
prst A2 + —_— C’( ) (
p?”st 2A2 cen 0, 2d2H2>| b off
A2 013/6554- h.c. v - 2 prot my? (Yo (Yl
prst C, g
4 2udH? — e
CVI LR ant U 2My,? (Wiler [WrJEE +c
A2 uddu vp? “
prst T 10(5) * 2
ond \ glauar 1y . )
—2 tprs 9 q*udH?
B g [W ] H[ 1 tprs
2 My o (Walh — of
LU o Gz YV (Vo) e
prst T 0(5) « 1
oL \ TPudH? g © *>
tprs 6 q2udH2
1 tprs
mu2 (Yo)s (Yo + c.c.
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D.7 (LR)(LR) operators

LEFT WC (+c.c.) Matching (+c.c.)
)
1 osirr VT A(3) 1 off (7 \off
A prst 2A4 b 2mh2 (}/;)pr (}/;)st
1 2
1 osrr A _ew v (A 1 off (7 \eff
A2 prst A2 i)c;qsqi + 2A2 Cleg;tslt{2 CegggQ + th ()/;>pr (Yu>st
1 2
CT ,RR A3 vr (4
A2 prst A2 Cleq% A2 ClequH2 o Cleq)uH2
prs prst prst
C’S RR vr? 3) 1 e e
A2 prst IA4 Clegf§2 + h (Y:f)pg(}/d)sg
CT RR vr? (4)
A2 prst A4 leqdl;l2
prs
2
1 osrr L PATCO I Al PCY @)
A2 I;ﬁgg A2 Cleqiz ™ IN2 ClequH2 o ClequH2
- L Pprs prst prst d
1 rr Ll e v’ (o @
A2 lﬁgg ﬁ C(l@qlé + 2A2 (clequH2 - OlequH2>
L prs prst prst J
P
051 RR vr 1 f f
A2 prst 2A4 C 2p:8€12 + 2mh2 (YU);T (Yu)it
Css ,RR UT (6)
A2 prst 2A4 O *u?H?
prst
1
051 ,RR ~ oW vr 1) _® 1 off off
wou" | o[t Cf;ff Coe )| * iy P 003
Css RR ERPG) vr® ([ 3) (4
A2 prst A2 Couad T 5x2 A2 C 2udH? CqQLdHQ
PTSt prst prst
S1,RR UT
A2 Cprst 2A4 C 2d2}t12 2 (}/d) (Y;i)
prs
Css RR UL
A2 prst INL C q?d?H?
prst
2
C’Sl RR 11 @ v (1) 2
A2 pg{;lg A2 q%qd +on gA2 | TdPudH? C;Qz);de
sipr stpr stpr i
1 2
Css RR e e ) Ut (3) 4
A2 p‘ffﬁ‘ A2 qugd T IA2 _Cq2udH2 - C;QLdHQ
prst stpr stpr /|
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D.8 (LR)(RL)+ h.c. operators
LEFT WC (+c.c.) Matching (+c.c.)

L srL v’ () 1 off [}/ \eff*
ECp‘?fst W lequl;l2 + th (Y;)pr (Yu>ts
Los ! {C + (CZ)S +c? >| g (VY
Ao e Ao led A0 e e 5 e T S
A2 A2 [Tprst T 202 \ Tl et )| 2 e

L skrL 1 { vr? < (1) (2) >|

—Co + hee. — 1 Cledqg + = | C - C

A2 vedy A2 |l N2 legg§2 legﬁl;‘tﬂ

D.9 AL =4+ h.c. operator

LEFT WC (+c.c.)

Matching (+ c.c.)

I st
EC vv

prst

0
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D.10 AL =2+ h.c. operators

LEFT WC (+c.c.) Matching (+c.c.)
1
Losp T WGy + Cugy | + = | Cagy + s,
A prst 2\/§ A3 l;:j'rslz ljpg 2 lt?)pslz l:rslg
CTLL Cs C
A2 prst 16\/_ A3 lt;slg ltgrilg
=2
S,LR g e * e *
i O% sz (VI TOVE” + VIV
CSLL 0
A2 prst
CTLL 0
A2 prst
CS B ur Courr + Cr2ou
A? 2V A% \ T e
S,LL Ur (1)
A?Cmt T (Clii‘i?wliiif)
CTLL vt 0(22) (22)
A, 22N \ et ~ Cldan
703 LR 0
A2 prst
OSLL Ur 0(1)
A2 VA
1 rr __T @
A2 VIR e
705 LR .
A2 e f ps Pt
V,RL oft*
A2 Clﬁcég 2M Z[VVl ]p’r‘ [Wq]ts
CVRR T o
A2 \/§A3 it
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D.11 AB=AL =14 h.c. operators

LEFT WC (+c.c.) Matching (+c.c.)
(quqt + C'qqqt — quqt>
TpSs ST TSP
S,LL 1 C( +c -l L+, +
Cudd — 9 3 72 G H? G H? G H? G H?
A2 prst A + Ur Tpst srpt rspt Tpst srpt
2A2 Clq3H2 - Cl(;??H2 - C 3H2 + C 3H2
L rspt rpst srpt Tspt
(quqt + quqt — C'qqqt)
Tps STP! TSP
1 1 (1) (1) (2) (2)
7CSvLL _ 9 C BH? + Cl 3 72 C BH? - CquHQ - Clquz
duu
A2 prst A2 + Ur rpst srpt rspt rpst srpt
2A2 +C 3H2+C 3H2+C 3H2_Cl(;3)H2
L 'rspt 'rpst srpt rspt
1 srr vy’
—C —C,
A2 g ATt
1 srr 1 vr?
s (Cu+0u> e,
A2 du T2 [\ Tprst | rpat) | 2A2 el
1 _srr vr®
—C —C
A2 28T
1 _sre v’ () @)
e (G 55 (Clae + Clar
prs prs
1 sRL 1
— —Clgug + fc
A2 A2 | T 202 el
1 S,RL UTQ
Az oA Clqgg;f;ﬂ
1 SRR 1 UT
70 ’ C UU Ceu
A2 du Az |Cdu ¥ ppaCearr

83




D.12 AB=—-AL =1+ h.c. operators

LEFT WC (+c.c.) Matching (+c.c.)
Alogdd 0
e ~ /o o
Cit" 0
WO | ~gm (G~ Coun)
CH ~7 3 Cert
wCot” 5 3 Cuenp
RO e
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Conclusion

Le modele standard est universellement accepté comme le point de départ de tout dévelop-
pement menant a une théorie complete 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 I’électron en est un exemple. Cependant, il ne peut pas étre
complet car il échoue a expliquer certains phénomenes. Par exemple, I’asymétrie baryonique
de I'univers, la matiere sombre et la gravité sont des phénomenes qui échappent au modele
standard. Sinon, a une échelle de mesure plus pragmatique, des données d’observables liées
entre autres a différents mésons présentent des anomalies par rapport au MS qui vont jusqu’a
40 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-dela du modele standard. La nature de cette
derniére est cependant inconnue puisqu’elle n’a jamais été observée. Ainsi, les théories ef-
ficaces de champ sont un outil parfaitement adapté a I’étude de cette nouvelle physique,
puisqu’elles permettent par leur nature de considérer toutes les possibilités sous-jacentes a
une hypothese posée. Par exemple, la SMEFT fait I’hypotheése que la symétrie du modele
standard, soit SU(3)c x SU(2)L x U(1)y, est réalisée linéairement a haute énergie.

Le premier article présenté dans ce mémoire teste cette hypothese dans le cadre de la
désintégration b — ¢77,, en comparant les données expérimentales liées a cette désintégration
avec les prédictions correspondantes de la SMEFT. L’intérét 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

off AGp Oyt _ v _
L5 = —thﬁ (CL%bL)(TLVNVLr)+F(0R%5R)(TL7”VLT)

C%L gR OT
+ 7(ERbL><?RVLT) + F(ELbR) (?RVLT) + F(ERO'W,Z)LX?RO'”VI/LT),
ott les coefficients CHE, CER CLE. CER et Cr sont inconnus. Si la nouvelle physique est
décrite par la SMEFT (c’est-a-dire qu’elle réalise linéairement la symétrie du modele standard
a haute énergie), il est attendu que la valeur du coefficient CLf soit au plus dans I'ordre de

grandeur de vy?/A?, tandis que les valeurs des quatre autres coefficients peuvent prendre des



valeurs allant jusqu’a I'ordre de grandeur de 1. Les analyses faites dans cet article produisent
des valeurs pour C# qui peuvent étre beaucoup plus grandes que vy?/A?. Ceci permet donc
la possibilité que la physique décrivant la désintégration b — ¢77, 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 a 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 A la fois CLE et CEE. Dans le futur, lorsque plus de données expérimentales
précises liées a b — ¢77, existeront, il sera possible de déterminer de facon plus convaincante
si la physique décrivant cette désintégration réalise linéairement la symétrie du MS a haute
énergie ou non.

A ce jour, il existe plusieurs analyses des prédictions de la SMEFT qui vont jusqu’a
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 a I’analyse effectuée et allant
jusqu’a la dimension massive 8 de la SMEFT. Toutefois, aucun n’établit une liste complete
des relations de correspondance entre chaque opérateur LEFT jusqu’a la dimension massive
6 et les opérateurs SMEFT correspondants jusqu’a la dimension massive 8. Ce travail est
accompli, au niveau des arbres, dans le deuxieme article présenté dans ce mémoire. Ceci est
une extension du travail de [6], ou ces relations sont déterminées au niveau des arbres jusqu’a
la dimension massive 6 de la SMEFT. Ainsi, cet article se veut un outil général présentant
une liste complete des relations de correspondance qui pourront étre utilisées dans le futur
pour effectuer des analyses phénoménologiques ayant pour but de tester les hypotheses de

la SMEFT avec une plus grande précision.
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