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Motivation

• Recently non-SM interactions studied using SM EFT Cirigliano et al. [2010, 2013]

- Model independent (*)

- All fields obey SM symmetry groups

- New physics generated by higher-dimensional operators

Leff = L(4) +
1

Λ
L(5) +

1

Λ2
L(6)

• Interplay between different searches for new physics

- What is the role of β decay?

- Can we study Lorentz-symmetry breaking?
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EFT Formalism

Lee and Yang [1956]
Jackson et al. [1957]

SM + ”V+A”

L(eff) =
GFVud√

2

[ ∑
ε,δ=L,R

aεδ ēγ
µνεe · ūγµdδ

+ AL ē(1− γ5)νεe · ūdδ + AR ē(1 + γ5)νεe · ūdδ

+ αR ē
σµν√

2
(1 + γ5)νεe · ū + αL ē

σµν√
2

(1− γ5)νεe · ū
]
,

Scalar

Tensor

• Related to ”Lee-Yang” formalism using form factors gA, gS , gT

• T (CP)-violation probed by imaginary couplings
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Correlation coefficients

Jackson et al. [1957]

dW

dW0
∝ 1 + a

~pe~pν
EeEν

+ b
me

Ee
+

〈
~J
〉

J
·
[
A
~pe
Ee

+ D
~pe × ~pν
EeEν

]
+ · · ·

• Correlations coefficients measure deviations from “V -A”

- Scalar/Vector: Fermi transitions
- Axial-Vector/Tensor: Gamow-Teller transitions

• Only Fierz-interference term b depends linearly on left-handed scalar
and tensor couplings

• Usually measured

Ã =
A

1 + b 〈me/Ee〉
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Searches for exotic couplings - Current limits

KKV, Wilschut, Timmermans [2015]
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Searches for exotic couplings - Global fit

KKV, Wilschut, Timmermans [2015]
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• Neutron decay can also be used to study new physics

- Tensor limits improve
- But issues with neutron life time
- gA as input from lattice ?
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Interplay with LHC constraints

Cirigliano et al. [2013]
Bhattacharya et al. [2012, 2014]

Gonzalez-Alonso and Camalich [2014]

• New particles with high mass would also gives deviations from SM
predictions at LHC

• pp → e + MET + X same quark process as β decay

- sensitive to same scalar and tensor interactions

• Upper limit on new physics events can be translated into constraint
on exotic couplings

• Values for gS and gT important/limiting factor

gs =
δMQCD

δmq
= 1.02± 0.11 and gT = 1.047± 0.061

CVC-relation Lattice
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Interplay with neutrino mass

Ito and Prezeau [2005]

W

νL eL νR

qR
qL

W

νR eL

qL

eR νL

Constraint on ARR , ARL and αR Constraint on aRL

• Electroweak radiative corrections constrain right-handed couplings
neutrino couplings

- Two-loop W contribution dominant
- Simple estimate considering only logarithmic part

δmν ∼ 3g2GF ā
mfM

2
W

(4π)4

(
ln
µ2

M2
W

)2
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Combined limits on exotic couplings

KKV, Wilschut, Timmermans[2015]
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Time-reversal violation in β decay

Chupp et al. [2012]
Kozela [2012]

• Imaginary couplings probed by triple-correlation coefficients in β decay

D ~J · (~pe × ~pν) and R~σe · ( ~J × ~pe)

where D ∝ Im aLR and R ∝ c ′gT Im αL − c ′′gS Im AL

• Final-state-interactions mimic time-reversal violation: D = Dt + Df

• For neutron decay Df ∼ 10−5 and |Im aLR | < 4× 10−4

• From neutron and pure GT 8Li

gT |Im αL| < 3−3 and gS |Im AL| < 6× 10−2
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Time-reversal violation in EDMs

Ng and Tulin [2005]
Khriplovich [1991, 1997]

• Atomic and molecular EDM measurements limit same couplings

- Any coupling imaginary part aLR always contributes to neutron EDM

- CS and CT couplings linked to electron-quark interactions in β decay

EDM e cm (90% C.L.) Coeff. β decay
n 2.9× 10−26 D
199Hg 2.6× 10−29 D, R
205Tl 0.9× 10−24 R
YbF |de | < 10.5× 10−28 R
ThO |de | < 8.7× 10−29 R
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Time reversal violation in EDMs

L =
c

Λ2
ūRγ

µdR ϕ̃
†iDµϕ

Using χPT and NDA

dn = −10−20 Imc

2
√

2GFΛ2
e cm

De Vries et al., Seng et al.
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Time-reversal violation in EDMs

KKV, Wilschut, Timmermans [2015]
Khriplovich [1991, 1997]

• Molecular EDMs constrain CS and CT < 10−8

L =
∑
N

Gf√
2

[
CS N̄Nēiγ5e + CT N̄σµνNēiγ5σ

µνe
]

• Can be linked to e-u coupling

u u

ee

W

d

νe

u u

ee

W

d

νe

u u

ee

W

d

νe

u u

ee

−GF√
2

α

4π
ln

(
µ2

M2
W

)
Vud Im (2AL + 24αL)

[
ēiγ5eūu + 1

2 ēiγ5σµνeūσ
µνu
]

• Very rough estimate
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T-violation: Current constraints

KKV, Wilschut, Timmermans[2015]

Im aLR Im AL Im αL

β decay 4× 10−4 6× 10−2 3× 10−3

EDM 3× 10−6 10−5 10−6

• EDM constraints beyond the FSIs

• Limits for aLR apply to R-parity violating MSSM, LRSM ...

νLuR

eL
dR

R−

R̃+

uR
dR

νL

uL

R−R̃+

dL

eL

dim-8 contribution to β decay Loop contribution to EDM

• Example: Leptoquarks also not “EDM-safe”
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Discussion

KKV, Wilschut, Timmermans[2015]

• LHC experiments will give stronger constraints

• EDMs will be improved with factor 10− 100

• β decay experiments should focus on left-handed new couplings

- β shape measurements
- Super allowed Fermi decays (also Vud) and mirror nuclei
- Neutron lifetime and gA
- Theory updates needed

• Cancellation between coefficients → strong finetuning

• Specific models → no dim-6 operators

• Light new degrees of freedom?
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Lorentz-Symmetry Breaking: Motivation

• Standard Model + General Relativity → Quantum Gravity?

• Viable scenarios for Lorentz symmetry breaking

- Mechanism for CPT violation

• Use effective field theory approach

- Can be probed in low-energy precision experiments

Par$cle	  Lorentz	  	  
Transforma$ons	  	  

• Observer invariance maintained

• Breaking of particle Lorentz invariance
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EFT approach: SME

Colladay and Kostelecky[1988]

• SME = SM + all Lorentz symmetry breaking terms

• Most general EFT and gauge invariant (also dim-3 and dim-4)

L(3) = −mϕ̄ϕ− aµφ̄γ
µφ− bµϕ̄γ

µγ5ϕ

L(4) = iϕ̄γν∂
νϕ+ cµν φ̄γ

µ∂νϕ+ dµνϕ̄γ5γ
µ∂νϕ

CPT-odd Lorentz violating

CPT-even Lorentz violating

• Fundamental theory is still Lorentz invariant

• Unique experimental signatures

• Weak interaction mainly unexplored
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Lorentz Violation in the weak interaction

J.P. Noordmans et al. [2013]
KKV et al. [2015]

Theoretical framework → modified W -boson propagator

W	  

General Lorentz violating tensor〈
W µ+(p)W ν−(−p)

〉
=
−i(gµν + χµν)

M2
W

• In the minimal SME χµν = −kµνφφ − i
2g k

µν
φW +

2pρpσ
M2

W
kρµσνW

• Best constraints O(10−7) from forbidden β decay searches in 70s

- Enhancement of Lorentz-violating effects
- High intensity sources
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Lorentz violation in β decay

KKV et al. [2015]
Example Fermi decay

dWF
dW0

=
(

1 + bme
Ee

+ 2χ00
r + 2χ0l

r
ple
Ee

+ (a + χ00
r ) ~pe ·~pνEeEν

+ 2χ0l
i

(~pe×~pν)l

EeEν
+ · · ·

)
• Many new correlations

• Possible to probe different components directly

• Anisotropic emission

- Preferred fermion direction or reaction plane

• Study in parallel with βν-correlation a
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Lorentz violation in β decay - Experiment

Muller et al. [2013]
Sytema et al. [2016]First experiment in allowed β decay

J 

dW

dW0
=
(

1 + A
[
~β · ~̂J + χ̃l

i Ĵ
l
])

• Spin J flip of polarized Gamow-Teller decay

- search for sidereal variation to reduce systematic errors

- sensitive to imaginary part of χ

• Final result χ̃i < 10−4
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Discussion

• Established a program to test Lorentz Violation in weak decays

• Lorentz violation could be studied parallel to BSM physics in β decay

Outlook
High statistics necessary to improve existing constraints topologies

• Use γ2 enhancement at LHC or future beta beam facilities

dW

dW0
= 1 + 2γ2(χ00

r + 2χ0l
r v̂l + χlk

r v̂l v̂k)

• Electron capture
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Backup Slides
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Backup: Forbidden β decay

J.P. Noordmans et al. [2013]

Best current bounds from forbidden β-decay experiments

• enhancement of Lorentz-violating effects

• high intensity sources still allowed in the 70s

χµνr =


10−6 10−7 10−7 10−8

10−7 10−6 10−6 10−6

10−7 10−6 10−6 10−6

10−8 10−6 10−6 10−6

 χµνi


× − − −
− × 10−8 10−7

− 10−8 × 10−7

− 10−7 10−7 ×



• High statistics necessary to improve existing constraints

• Unconstrained coefficients
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Backup: Search for Lorentz Violation

Kostelecky and Russell [2011]

More than 70 pages of limits in ”Data Tables”

- Window on Quantum Gravity

- Weak interaction relatively unexplored

Par$cle-‐an$par$cle	  comparisons	  
Spectroscopy	  of	  hydrogen	  and	  
an$hydrogen	  

Baryon	  asymmetry	  
Laboratory	  tests	  of	  gravity	  
Clock-‐comparison	  measurements	  

High-‐energy	  astrophysical	  observa$ons	  
Tests	  with	  microwave	  cavi$es	  and	  
lasers	  

CMB	  polariza$on	  
Collider	  experiments	  
Cosmological	  birefringence	  
Dispersion	  from	  cosmological	  sources	  
High-‐energy	  astrophysical	  observa$ons	  

Neutrino	  experiments	  

CMB	  Polariza5on	  	  
Muon	  g-‐2	  
Neutrino	  oscilla$ons	  
MaGer	  interferometry	  
Oscilla$ons	  of	  K,	  B,	  D	  mesons	  
QED	  tests	  in	  Penning	  traps	  
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Backup: Efforts in weak decays

S.E. Muller et al. [2013]
J.P. Noordmans et al. [2013, 2014]

KKV et al. [2015]
A. Sytema et al. [2016]

• Allowed β decay

• Forbidden β decay

• Pion decay at MINOS

• Kaon decay at KLOE

• Muon decay at g − 2

• Electron capture

Setup	  for	  allowed	  β	  decay	  experiment	  	  

χ momentum-independent and CPT-even

- 15 independent components
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Backup: Naturalness

Pospelov et al. [2005,2008]

aµ, bµ ∼ Λ cµν , dµν ∼ 1

• Dim-3 and 4 operators forbidden by SUSY

- Generated by radiative corrections

• Dim-3 and 4 operators naturally suppressed

aµ, bµ ∼ M2
NP
Λ cµν , dµν ∼ MNP

Λ

• No assumptions on new theories between the electroweak and Planck
scale
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