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SM Summary

LSM = q̄LiγµDµqL + ¯̀LiγµDµ`L + ūR iγµDµuR + d̄R iγµDµdR + ēR iγµDµeR

− 1
4

GaµνGa
µν −

1
4

Wµν ·Wµν − 1
4

BµνBµν + (Dµϕ)† Dµϕ− V (ϕ†ϕ)

− Ydδ
jk q̄ j

Lϕ
k dR − Yuε

jk q̄ j
L(ϕk )†uR − Yeε

jk ¯̀j
L(ϕk )†eR + θ̄

g2
s

64π2 ε
µνρσGa

µνGa
ρσ,

2. very small CP-violation in ∆F = 0 observables
no EDM, no baryogenesis ( see Observational Tests of Antimatter Cosmologies; A matter-antimatter Universe)

3. quark flavor: no flavor changing neutral currents at tree level
K -K̄ oscillations, B-B̄ oscillations, B → Xsγ, K → πνν

suppressed by loop factors and masses or CKM factors
4. L and B: lepton and baryon number are conserved (in perturbation theory)

no 0νββ, no proton decay
5. lepton flavor is conserved

no e→ τ , e→ µ, µ→ τ transitions
6. neutrinos are massless
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The Standard Model EFT



The Standard Model EFT

• SMEFT is the generalization of the SM to include d > 4 operators
• the most important are a d = 5 operator, the “Weinberg operator”

S. Weinberg, ‘79

• and the set of d = 6 operators
W. Buchmuller, D. Wyler ‘85, B. Grzadkowski et al ‘10.

• the construction has been pushed to d = 8 in the lepton-number conserving sector,
B. Henning et al ‘15, C. Murphy, ‘20, H.-L. Li et al, ‘20,

and d = 9 in the lepton-number breaking sector
H.-L. Li et al, ‘20, Y. Liao and X.-D. Ma, ‘22.

• the theory is renormalizable order by order in 1/Λ
=⇒ we need only a finite number of operators to make predictions that are accurate at O(1/Λn)
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https://inspirehep.net/literature/144673
https://inspirehep.net/literature/218149
https://inspirehep.net/literature/866649
https://inspirehep.net/literature/1409308
https://inspirehep.net/literature/1793831
https://inspirehep.net/literature/1793823
https://inspirehep.net/literature/1807482
https://arxiv.org/abs/2007.08125


The Standard Model EFT at dim-6

B. Grzadkowski et al ‘10

• 3 gauge bosons: modify 3- and 4-boson interactions, with new CP-violation
e+e− → W +W−, pp → VV , EDMs, . . .

• 4 scalars: corrections to the Higgs potential and self-couplings
• 3 scalars and 2 fermions: break the correspondence between fermion masses and Yukawas

pp → t t̄H, H → bb̄, . . .
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The Standard Model EFT at dim-6

B. Grzadkowski et al ‘10

• 2 gauge and 2 scalars: corrections to electroweak precision and Higgs couplings
• 2 fermions, 1 scalar, 1 gauge: dipole operators
• 2 fermions, 2 scalars: corrections to W and Z couplings

electroweak precision, β decays and flavor physics
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The Standard Model EFT at dim-6

B. Grzadkowski et al ‘10

• in total 2499 B-conserving coefficients, 1149 CP-odd (for 3 generations of fermions)
• most of these coefficients in the 4-fermion sector

some symmetries (B) or almost symmetries (CP and flavor) of the SM are accidental
no symmetry breaking dim-4 operator, but easy to write higher dimensional ops.
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Matching and running to low energy

new physics Λ� v

SMEFT operators

SU(3)c × U(1)em operators

n
L

n
L

h h

d

d u

u

W
R

W
R

n
R

n
L

n
L

h h d

d u

u

n
L

n
L

h h d

d u

u

Λ

v ,mW

Λχ

mπ

E

LA-UR-24-27605 7/25/2023 | 7



The Low-energy EFT

• the relevant scales for low-energy processes is Q . 1 GeV, much smaller than EW scale,
• we can switch from SMEFT to the “Low-energy EFT” (LEFT):

1. degrees of freedom: u, d , s quarks; e, µ and ν` leptons; photons and gluons;

2. symmetries: SU(3)c × U(1)em (electroweak symmetry no longer manifest);

4. power counting:
• integrate out W , Z , H and t at the electroweak scale

power expansion in Q/v

• integrate out the b and c quarks, and the τ lepton, at their thresholds

power expansion in Q/mψ

• triple expansion in v/Λ, Q/mW , Q/mψ
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The Low-energy EFT

3. interactions: dipole and 4-fermions (+ QED and QCD)

E. Jenkins, A. Manohar, P. Stoffer, ‘17
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Matching

e n

u d

SM LEFT
e n

u d

−ig2

q2 −m2
W

=
ig2

m2
W

+O(q2/m4
W )

• equate amplitudes in SMEFT and LEFT, at a given order in the expansion in Q/v , Q/Λ
e.g. for charged currents[

LVLL
νedu

]
prst

= − 2
v2

[
V †CKM

]
st

[
LVLR
νedu

]
prst

= 0[
LSRR
νedu

]
prst

= 0
[
LSRL
νedu

]
prst

= 0[
LTRR
νedu

]
prst

= 0

• SMEFT populates all the structures identified by Lee and Yang T. D. Lee and C. N. Yang, ‘56

• but with scalar, tensor and right-handed currents suppressed by v2/Λ2
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]
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• SMEFT populates all the structures identified by Lee and Yang T. D. Lee and C. N. Yang, ‘56

• but with scalar, tensor and right-handed currents suppressed by v2/Λ2
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Matching at higher order

e n

u d

SM LEFT
e n

u d

e n

u d

Wg gW + ….

e n

u d

e n

u d

g g

• the LEFT matching coefficients can be computed order by order in α and αs

a. if the EFT is correct, it will exactly reproduce the infrared structure of the full theory

matching coefficients cannot depend on IR regulators or IR scales
(light particle masses and external momenta)

b. the two theories will differ in the UV
• this is ok cause we cannot use the EFT for high-energy processes,
• the difference is accounted for by local operators in LEFT
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Example: O(α) corrections to β decay

e n

u d

SM LEFT
e n

u d

e n

u d

Wg gW + ….

e n

u d

e n

u d

g g

• the SM diagrams are UV finite, IR divergent

ASM = i
2
v2 V ∗ud ū(pν)γµPLu(pe) ū(pd )γµPLu(pu)

[
α

4π
Qe(4Qu −Qd ) log

m2
W

m2
γ

+ . . .

]
• the LEFT diagrams are UV and IR divergent, absorb UV divergence in LVLL

νedu

ALEFT = i
2
v2 V ∗ud ū(pν)γµPLu(pe) ū(pd )γµPLu(pu)

[
α

4π
Qe(4Qu −Qd ) log

µ2

m2
γ

+
α

4π

(
−3Qe

(
Qu −

1
2

Qd

)
+ . . .

)
+

v2

2
LVLL
νedu(µ)

]
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Example: O(α) corrections to β decay

e n

u d

SM LEFT
e n

u d

e n

u d

Wg gW + ….

e n

u d

e n

u d

g g

• the difference between the two amplitude is compensate by adjusting LVLL
νedu

LVLL
νedu(µ) = − 2

v2 V ∗ud

[
1 +

α

4π

(
Qe(4Qu −Qd ) log

µ2

m2
W

+ 3Qe

(
Qu −

1
2

Qd

)
+ . . .

)]
1. we can avoid large logs in the matching coefficient by taking µ ∼ mW

2. and use the renormalization group equation to evolve the coefficients from µ ∼ mW to µ ∼ few GeVs

d
d logµ

LVLL
νedu(µ) = −α

π
(µ)LVLL

νedu(µ)

(after calculating the remaining diagrams and asking the amplitude to be scale-independent)
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Renormalization group evolution: operator mixing.

• as in the SM example, SMEFT operators depend on the renormalization scale µ
• at the loop level, operators can “mix” into each other
• operators that “naively” (i.e. at tree level) do not contribute to precision observables can indeed

contribute at 1- or higher-loop
• the price of a 1- or 2-loop suppression can be easily overcome by the large sensitivity

e.g. consider

L = CϕW̃ϕ
†ϕW̃ a

µνW aµν

= 2CϕW̃ v h εµναβ
[
2∂µW +

ν ∂αW−β + s2
w∂µAν∂αAβ + c2

w∂µZν ∂αZβ + 2sw cw∂µAν∂αZβ . . .
]

• induces CP-odd couplings of the Higgs to W , Z and photons

can we probe it via the eEDM?

• “naively” no, need Ceγ ēσµνγ5eFµν operator!
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Renormalization group evolution: operator mixing.

g γ γ

g γ, Z W W

q q q q, ℓ q, ℓ q, ℓ d, u, ℓ u, d, ν d, u, ℓ

h h

OϕG̃ OϕW̃ , OϕB̃, OϕW̃B OϕW̃B, OW̃

q

• diagrams are UV divergent, with divergence with the same structure as a dipole operator

(16π2)
d

d logµ
ImCeB = −me

v

(
2g′(y` + ye)CϕB̃ +

3
2

gCϕW̃B

)
(16π2)

d
d logµ

ImCeW = −me

v

(
g′(y` + ye)CϕW̃B + gCϕW̃

)
• leading to an electron EDM

de ≈
√

2me
e

16π2

[
−3CϕB̃ + CϕW̃ + 2 cot(2θw )CϕW̃B

]
log

mH

Λ

= −(4.5 · 10−30e cm)× (400TeV)2
[
−3CϕB̃ + CϕW̃ + 2 cot(2θw )CϕW̃B

]
• even with loop suppression, the scale of these operators needs to be larger than 400 TeV!
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Running and matching in SMEFT

• the complete 1-loop running in SMEFT is known 3

E. Jenkins, A. Manohar, M. Trott, ‘13;
E. Jenkins, A. Manohar, M. Trott, ‘13;

R. Alonso, E. Jenkins, A. Manohar, M. Trott, ‘14;
• the complete 1-loop matching of SMEFT onto LEFT is known 3

(except for the dependence on light quark masses)

E. Jenkins, A. Manohar and P. Stoffer, ‘17;
W. Dekens and P. Stoffer, ‘19;

• the complete 1-loop running in LEFT is known 3

E. Jenkins, A. Manohar, P. Stoffer, ‘17;

• a few groups already working on 2-loop running and matching
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EFT for precision β decay



LEFT charged current operators

• at low-energy, weak charged-currents can be axial, vector, scalar, pseudoscalar and tensor

L = ν̄Lγ
µeL

[
LVLL
νedu d̄LγµuL + LVLR

νedu d̄RγµuR

]
+ ν̄LeR

(
LSRR
νedu d̄LuR + LSRL

νedu d̄RuL

)
+ LTRR

νedu ν̄Lσ
µνeR d̄LσµνuR

• these 5 coefficients can be disentangled by measuring several low-energy processes

Operators Observables

Scalar and tensor

LSRR
νedu − LSRL

νedu Γ(π → eν)/Γ(π → µν)

LSRR
νedu + LSRL

νedu β spectra in Fermi or mixed transitions

LTRR
νedu Γ(π → `νγ), β spectra in GT/mixed transitions

Axial and vectors

LVLL
νedu , LVLR

νedu CKM unitarity tests, gLQCD
A vs gexp

A
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SMEFT charged current operators
• even at tree level, going from SMEFT to LEFT introduces degeneracies

Operators LEFT β decays Electroweak precision Collider

ψ2H2D

Q(3)
Hl (H†i

←→
D I
µH)(̄lpτ Iγµlr ) → LVLL

νedu 3

Q(3)
Hq (H†i

←→
D I
µH)(q̄pτ Iγµqr ) → LVLL

νedu 3

QHud + h.c. i(H̃†DµH)(ūpγµdr ) → LVLR
νedu 3

(L̄L)(L̄L)

Q(3)
lq (̄lpγµτ I lr )(q̄sγµτ Iqt ) → LVLL

νedu 3

(L̄R)(R̄L) + h.c.

Qledq (̄l jper )(d̄sqtj ) → LSLR
νedu 3

(L̄R)(L̄R) + h.c.

Q(1)
lequ (̄l jper )εjk (q̄k

s ut ) → LSRR
νedu 3

Q(3)
lequ (̄l jpσµνer )εjk (q̄k

s σ
µνut ) → LTRR

νedu 3

low-energy measurements cannot disentangle W -fermion couplings (Q(3)
Hl , Q(3)

Hq )

from four-fermion operators (Q(3)
lq )
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High-energy vs low-energy complementarity

e+

e-

f

f

Z

pp

p

W,Z

H

p

n

p

p

e

• C(3)
Hl and C(3)

Hq :

L = C(3)
Hl

(
1 +

h
v

)[
ēLγ

µνLW−µ + ν̄Lγ
µeLW +

µ + ν̄Lγ
µνLZµ − ēLγ

µeLZµ +

]

1. gauge invariance link them to e+e− → f f̄ and precision observables at LEP

2. and to important EW processes at LHC: pp → HZ , HW , ZZ
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High-energy vs low-energy complementarity

e+

e-

f

f

Z

pp

p

W,Z

H

p

n

p

p

e

• C(3)
lq :

1. small corrections at the Z pole

2. but large corrections to pp → eν + X , enhanced at large invariant mass

dσSMEFT

dm2
eν

∝
(

1 +
2
g2 C(3)

lq (m2
eν −m2

W )

)
× dσSM

dm2
eν
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SMEFT charged current operators

Operators LEFT β decays Electroweak precision Collider

ψ2H2D

Q(3)
Hl (H†i

←→
D I
µH)(̄lpτ Iγµlr ) → LVLL

νedu 3 3 3

Q(3)
Hq (H†i

←→
D I
µH)(q̄pτ Iγµqr ) → LVLL

νedu 3 3 3

QHud + h.c. i(H̃†DµH)(ūpγµdr ) → LVLR
νedu 3 7 3

(L̄L)(L̄L)

Q(3)
lq (̄lpγµτ I lr )(q̄sγµτ Iqt ) → LVLL

νedu 3 7 3

(L̄R)(R̄L) + h.c.

Qledq (̄l jper )(d̄sqtj ) → LSLR
νedu 3 7 3

(L̄R)(L̄R) + h.c.

Q(1)
lequ (̄l jper )εjk (q̄k

s ut ) → LSRR
νedu 3 7 3

Q(3)
lequ (̄l jpσµνer )εjk (q̄k

s σ
µνut ) → LTRR

νedu 3 7 3

low energy + EWPO + high-energy data can disentangle different scenarios
provided they have similar sensitivity
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EFT for CP-violation and Electric Dipole Moments
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∆F = 0 CPV in LEFT

eV MeV GeV TeV?

thanks to J. de Vries

How much info can we
extract from EDM experiments?

• dim-5 LEFT operators

L(5)
LEFT = Leγ ēLσ

µνeR Fµν +
∑

q=u,d,s

Lqγ q̄Lσ
µνqR Fµν +

∑
q=u,d,s

Lqg q̄Lσ
µν taqR Ga

µν + h.c.,

• they are induced by dim-6 SMEFT operators after EWSB
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∆F = 0 CPV in LEFT

• dim-6 LEFT operators

1. 3-gluon operator:
L(6)

LEFT = LG̃f abcG̃a
µνGb νρGc µ

ρ

2. semi-leptonic:

L(6)
LEFT =

∑
q=u,d,s

LSRL
eq (ēLeR)(q̄RqL) + LSRR

eq (ēLeR)(q̄LqR) + LTRR
eq (ēLσ

µνeR)(q̄LσµνqR) + h.c.

• in SMEFT, gauge invariance relates them to β decay operators...

3. 4-fermion:

L(6)
LEFT = LV1LR

uddu (ūLγ
µdL)(d̄RγµuR) + LS1RR

uu (ūLuR)(ūLuR) + . . .

• 24 operators, 6 of the LL RR type, 18 of the LR LR type

ideally, we would like EDM experiments to disentangle these coeffs.
very hard to do for hadronic operators (see later)
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∆F = 0 CPV in the SMEFT

u d

d u

W

u

ud

d

SMEFT operators can contribute to EDMs in several way

a. Tree level path
• 3-gluon operator, dipole and Yukawa couplings of light fermions,

right-handed W couplings, 4-fermion

LA-UR-24-27605 7/25/2023 | 23



∆F = 0 CPV in the SMEFT

g γ γ

g γ, Z W W

q q q q, ℓ q, ℓ q, ℓ d, u, ℓ u, d, ν d, u, ℓ

h h

OϕG̃ OϕW̃ , OϕB̃, OϕW̃B OϕW̃B, OW̃

q

SMEFT operators can contribute to EDMs in several way

b. 1-loop path: 3-W, Higgs-gauge operators
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∆F = 0 CPV in the SMEFT

SMEFT operators can contribute to EDMs in several way

a. 2-loop path: dipole and Yukawas with heavy generations (c, b, t)

• EDMs are so strong that they severely constrain CPV even in Higgs and top sectors of SMEFT
• in presence of a signal, need complementary probes for disentangling

(harder than in β decays, because colliders are in general less sensitive)
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EFTs for Neutrino Masses and Lepton Number Violation



Neutrino masses and mixings

|U
PMNS

| = 

n
e

n
m

n
e

n
t

n
1

n
2

n
3

• neutrinos in weak interactions are linear combinations of 3 massive states

|να〉 =
3∑

i=1

U∗αi |νi〉 α ∈ {e, µ, τ}

• mass splittings and mixings well determined
• mass ordering and CP phase in next generation of oscillation exps. DUNE and HYPER-KAMIOKANDE

• neutrino absolute scale is small

mνε =

√∑
i

|mi Uei |2 < 0.45 eV KATRIN ‘24
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Neutrino masses and mixings
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Neutrino masses and BSM physics

• the neutrinos (antineutrinos) in the weak interactions are purely L (R) handed
• need some right-handed component for a mass term

in the SM, mν = 0
neutrino oscillations are BSM physics!

• For neutral particles, we can write two mass terms


L


R

Dirac

mi ν̄
i
Rν

i
L 

L


L

Majorana

miν
T i

LCν i
L

• neither of them is gauge invariant!
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Neutrino masses and BSM physics

Dirac mass
• need to add a new field to the SM, νR

• νR has zero weak, electromagnetic or strong charge (sterile)
• once we add νR , we can use the Higgs field to make the Dirac mass gauge invariant

Lmν = Yνεjk ¯̀j
L

(
ϕk
)†

νR

• 3 massive states 3

• small values of mν fixed “by hand”, by choosing small Yν
• νR does nothing in the theory, only needed to generate mν

• however, if νR is a singlet, nothing forbids a gauge-invariant, dim-3 Majorana mass

Lmν = Yνεjk ¯̀j
L

(
ϕk
)†

νR −
1
2

MRν
T
R CνR

• MR 6= 0 immediately leads to n > 3 massive neutrinos

BSM in new light degrees of freedom!
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• small values of mν fixed “by hand”, by choosing small Yν
• νR does nothing in the theory, only needed to generate mν

• however, if νR is a singlet, nothing forbids a gauge-invariant, dim-3 Majorana mass

Lmν = Yνεjk ¯̀j
L

(
ϕk
)†

νR −
1
2

MRν
T
R CνR

• MR 6= 0 immediately leads to n > 3 massive neutrinos

BSM in new light degrees of freedom!
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Neutrino masses and BSM physics

Majorana mass
• cannot write down a dim-4, gauge-invariant Majorana mass

lepton number is an accidental symmetry of the SM
• but we can at dim-5!

L =
1
Λ

Cννεjkεmnϕ
jϕm`kT

L C`n
L

EWSB−−−→ v2

2Λ
CνννT

L CνL +O(H).

S. Weinberg, ‘79

• 3 massive states 3

• mν ∼ v2/Λ, small if Λ is very large 3

• no need of new light degrees of freedom
• lepton number is not a symmetry of the theory

BSM in new high energy interactions!

• 0νββ might be the best way to discriminate between the two mechanisms
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EFT for neutrino masses and non-standard interactions: νSMEFT

• since we do not know the mass mechanism, capture both in the EFT

νSMEFT!
same recipe as before + nR sterile neutrinos

• dim-3 + dim-4 + dim 5: neutrino masses and sterile neutrino magnetic moments 3

• after electroweak symmetry breaking

L = −1
2

(
νT

L , ν̄RC
)

CMν

(
νL

Cν̄T
R

)
, Mν =

(
ML M∗D
M†D M†R

)
• Mν is a symmetric (3 + nR)× (3 + nR) matrix, diagonalized by the unitary transformation U

1. nR = 0 and ML 6= 0: 3 light, massive, Majorana left-handed states
“standard mechanism” for 0νββ

2. nR > 0, MR 6= 0, ML = 0: 3 + nR Majorana states.∑3+nR
i=1 U2

eimi = 0
LNV only in the sterile sector and 0νββ rate suppressed

3. nR = 3, MR = 0, ML = 0: 3 pure Dirac neutrinos
no 0νββ!
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EFT for neutrino masses and non-standard interactions: νSMEFT

• since we do not know the mass mechanism, capture both in the EFT

νSMEFT!
same recipe as before + nR sterile neutrinos

• dim-3 + dim-4 + dim 5: neutrino masses and sterile neutrino magnetic moments 3

• after electroweak symmetry breaking

L = −1
2

(
νT

L , ν̄RC
)

CMν

(
νL

Cν̄T
R

)
, Mν =

(
ML M∗D
M†D M†R

)
• Mν is a symmetric (3 + nR)× (3 + nR) matrix, diagonalized by the unitary transformation U

1. nR = 0 and ML 6= 0: 3 light, massive, Majorana left-handed states
“standard mechanism” for 0νββ

2. nR > 0, MR 6= 0, ML = 0: 3 + nR Majorana states.∑3+nR
i=1 U2

eimi = 0
LNV only in the sterile sector and 0νββ rate suppressed

3. nR = 3, MR = 0, ML = 0: 3 pure Dirac neutrinos
no 0νββ!
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LNV operators in SMEFT

d

u

e-

νL operators νR operators

• the Weinberg operator is the first term in a series of ∆L = 2 operators
• in SMEFT, ∆L = 2 operators appear at odd dimension A. Kobach, ‘16
• dim. 7 operators induce β decays with the “wrong” neutrino, d → ue−νe
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LNV operators in SMEFT. Dimension 9 operators

e-

e-

d u

d u

• after matching onto LEFT, dim-9 operators have the form

L(9)
∆L=2 =

∑
i

[(
C(9)

i R ēRCēT
R + C(9)

i L ēLCēT
L

)
Oi + C(9)

i ēγµγ5CēT Oµ
i

]
,

• the most important are the scalar operators

O1 = q̄αL γµτ
+qαL q̄βL γ

µτ+qβL , O′1 = q̄αRγµτ
+qαR q̄βRγ

µτ+qβR ,

O2 = q̄αR τ
+qαL q̄βRτ

+qβL , O′2 = q̄αL τ
+qαR q̄βL τ

+qβR ,

O3 = q̄αR τ
+qβL q̄βRτ

+qαL , O′3 = q̄αL τ
+qβR q̄βL τ

+qαR ,

O4 = q̄αL γµτ
+qαL q̄βRγ

µτ+qβR ,

O5 = q̄αL γµτ
+qβL q̄βRγ

µτ+qαR ,
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Connection to models


R 

R


R

W
R

W
R

W
R

d

u

e-







e-

e-

d u

d u

y2/Λ y/Λ3 1/Λ5

Do we really need to go to dim-9?
• specific models will match onto one or several operators
• e.g. Left-Right Symmetric Models match onto dim-5, -7, -9 with different numbers of Yukawas
• if yν ∼ v2/Λ2, all operators can give similar contributions
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νSMEFT/LNV at LHC
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• dimension-5 hard to probe, mµµ ∼ 10 GeV
B. Fuks, J. Neundorf, K. Peters, R. Ruiz, M. Saimpert, ‘21; CMS ‘22

• pp → eν probes dimension-7 operators with Λ ∼ 2.5 TeV
• pp → `+`+jj provide a direct test of the LNV nature of the operators
• no comprehensive analysis of dimension-9 ops
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νSMEFT/LNV at LHC

p j
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j

j
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W∓

K. Fridell, L. Graf, J. Harz, C. Hati, ‘23

• dimension-5 hard to probe, mµµ ∼ 10 GeV
B. Fuks, J. Neundorf, K. Peters, R. Ruiz, M. Saimpert, ‘21; CMS ‘22

• pp → eν probes dimension-7 operators with Λ ∼ 2.5 TeV
• pp → `+`+jj provide a direct test of the LNV nature of the operators
• no comprehensive analysis of dimension-9 ops
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