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The search for ‘New Physics’

Standard Model

+H
ig

gs
! NEW PHYSICS : a new theory that completes the SM 

and solves (at least some of) the current puzzles.

New Physics experimental searches... 
  

■ Energy frontier     ➔ LHC, ... 
■ Intensity frontier   ➔ Nuclear physics, muon, ... 
■ Cosmic frontier     ➔ Planck, ...  
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New Physics searches with β decays

[Hardy & Towner'15]
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Implications for New Physics? 

■ Specific model;  

■ Something more model-indep? EFTs!

Beg et al. (1977), Barbieri et al. (1985), Marciano & Sirlin (1987), Hagiwara et al. (1995), 
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[Hardy & Towner'15]



M. González-Alonso (CERN) NP searches in β decays4

p

e

ν

n

Implications for New Physics? 

■ Specific model;  

■ Something more model-indep? EFTs! 

Competitive probes? 
  

■ Other low-E searches 
■ High-E (LHC!!)

Beg et al. (1977), Barbieri et al. (1985), Marciano & Sirlin (1987), Hagiwara et al. (1995), 
Kurylov & Ramsey-Musolf (2002), Marciano (2007), Bauman et al. (2012), …

Precise data 

Precise SM predictions 
+

[Vud = 0.97416(21)!!!]
[Hardy & Towner'15]

New Physics searches with β decays
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What’s an EFT?

       m

        Λ                  

Leff = L4(�) +
1

⇤
L5(�) +

1

⇤2
L6(�) + . . .

L = L(�,�⇤)

Effective Field Theory    =   Fields  +   Symmetries

- Lorentz 

- QED 

- SU(2) x U(1) 

- Flavour sym? 

- B, L; 

- nuclei, e, v 

- hadrons, e, v 

- q, u, d, l, e 

- W, Z, γ, g 

- …
Not assumption 
independent!

αi : Wilson coefficients.
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What’s an EFT?
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Leff = L4(�) +
1

⇤
L5(�) +

1

⇤2
L6(�) + . . .

L = L(�,�⇤)

αi : Wilson coefficients.

Wilson coefficient
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๏ How to compare different nuclear beta decays? 
➔ Effective Lagrangian at the hadron level! 

๏ How to compare with e.g. pion decays? 
➔ Effective Lagrangian at the quark level! 

  
  

๏ How to compare with LHC experiments? 
➔ Effective Lagrangian at the quark level at the EW scale! 

Comparing experiments

W

Ci ~ FF x εi 

[Lee & Yang’1956]



Hadrons:  
n → p e- ν
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Hadronic EFT

+ terms with RH neutrinos
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Hadronic EFT

SM terms

+ terms with RH neutrinos

Linear approx:  
SM + small + (small)2

(Or simply no νR: Ci = Ci’)

“since the nucleons are treated 
nonrelativistically, the pseudoscalar 
couplings are omitted”

[MGA & Camalich, PRL 112 (2014)]

Wrong reason... CP = 348(11) εP  

Real reason: the bounds on εP from 
pion decays are much stronger!!!
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Hadronic EFT [Lee & Yang’1956]
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Hadronic EFT

GFVud (1 + NP)     [Lifetime shift]

[Lee & Yang’1956]
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Hadronic EFT

GFVud (1 + NP)     [Lifetime shift]

gA (1 + NP) Only way out: 
lattice QCD!  

[Lee & Yang’1956]
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Hadronic EFT

GFVud (1 + NP)     [Lifetime shift]

gA (1 + NP) Only way out: 
lattice QCD!  

S and T affect the angular distributions and the spectrum!!

Fierz term [1937]

[+ CPV effects]

[Lee & Yang’1956]
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✓ Direct effect in the spectrum:  

€ 

1
Γ
dΓ
dEe

€ 

1
Γ
dΓ
dEe

Probing the Fierz term

Optimal endpoint: 1-4 MeV
[MGA &  Naviliat-Cuncic, PRC94 (2016)]
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[MGA &  Naviliat-Cuncic, PRC94 (2016)]

PS: Not always valid! 
(proton spectrum)

Heavy NP cannot 
explain the beam vs. 
bottle tension 
 
.... Light NP? 
[Fornal & Grinstein PRL 
(120 (2018)]



M. González-Alonso (CERN) NP searches in β decays

Current data

* (S = 1.9!!)  
* 
 
* (S = 2.6!!)  
* 
 
*

* Average

Precision:  
O(0.01 - 1)% !!

Nuclei

Neutron data

[Hardy-Towner'2015]

Exp Input: 

BRs, half-lives, Q-values

S = (χ2min/dof)1/2

Correlation coefficientsFt (0+→0+) values

(+ TH!!)
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Current data → Results

Driven by  
Ft's, τn, An!
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Current data → Results

๏ One can trivially calculate the precision needed in any other observable to compete:

Ex. #1

Ex. #2: Spectrum shape measurements

WISArD (32Ar) aims at 0.1%!!
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Current data → Results

(ρ = 0.25)

SM limit
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Current data → Results

(ρ = 0.25)

SM limit

0+→0+τn
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Current data → Results

(ρ = 0.25)

SM limit

0+→0+τn
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Perkeo III

An = -0.11983(21) [Perkeo III, 2.5x!]  
→ no dark channel



Quarks (low-E):  
d → u e- ν
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From hadrons to quarks

Inner RC:  

2.361(38)% [Marciano-Sirlin, PRL96 (2006)] 

2.467(22)% [Seng et al., 1807.10197]

[ 2.4 σ ]
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From hadrons to quarks

Axial charge

[A. Nicholson's talk, CIPANP2018]
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Axial charge

[A. Nicholson's talk, CIPANP2018]
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From hadrons to quarks

 Scalar & tensor  
charges

gS gT
Adler et al.’1975  

(quark model)
0.60(40) 1.45(85)

PNDME 2011 0.80(40) 1.05(35)

LHPC 2012 1.08(32) 1.04(02)

RQCD 2014 1.02(35) 1.01(02)

PNDME 2013/15 0.72(32) 1.02(08)

ETMC 2015/17 0.93(33) 1.00(03)

CVC 1.02(11) -

PNDME 2016/18 1.02(10) 0.99(03)

JLQCD'18 0.88(11) 1.08(10)

÷2.5

÷5.0

bn < 0.001

δgS,T/gS,T ~ 15-20%
[average]

[Bhattacharya, Cirigliano, Cohen, Filipuzzi, 
MGA, Graesser, Gupta, Lin, PRD85 (2012)]
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From hadrons to quarks

 Scalar & tensor  
charges

gS gT
Adler et al.’1975  

(quark model)
0.60(40) 1.45(85)

PNDME 2011 0.80(40) 1.05(35)

LHPC 2012 1.08(32) 1.04(02)

RQCD 2014 1.02(35) 1.01(02)

PNDME 2013/15 0.72(32) 1.02(08)

ETMC 2015/17 0.93(33) 1.00(03)

CVC 1.02(11) -

PNDME 2016/18 1.02(10) 0.99(03)

JLQCD'18 0.88(11) 1.08(10)

÷2.5

÷5.0

bn < 0.001

[MGA & Camalich,  
Phys. Rev. Lett. 112 (2014)]

€ 

gS =  
Mn −Mp( )

QCD

md −mu

gV

δgS,T/gS,T ~ 15-20%

gS = 1.00(8)  
      using (md -mu) from  1802.04248

[Bhattacharya et al.,  
Phys. Rev. Lett. 115 (2015)]

All syst!
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Using these RC + charges, the Ci  bounds translate into…
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From hadrons to quarks
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Using these RC + charges, the Ci  bounds translate into…

BSM fit

From hadrons to quarks

gT

gS

gA

SM fit

(ρ = - 0.13) 
RC

[MGA & Martin Camalich, JHEP (2016)]  
+ Updates: fK/fπ , f+(0) at 0.2% ! [FermiLab/MILC'17,'18]
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Using these RC + charges, the Ci  bounds translate into…

BSM fit

From hadrons to quarks

gT

gS

gA

SM fit

(ρ = - 0.13) 
RC

[MGA & Martin Camalich, JHEP (2016)]  
+ Updates: fK/fπ , f+(0) at 0.2% ! [FermiLab/MILC'17,'18]

0.9983(4) 
with RC by Seng et al.'18

CKM unitarity? Vus = 0.22441(39)*
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Superallowed nuclear β decays

(PIBETA´2009)

€ 

π →eνγ

fT = 0.24(4)    [Mateu & Portolés, 2007]  
[large-N inspired resonance saturation model]

No LQCD calculation!

From hadrons to quarks

0+→0+
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WISArD (32Ar) 
+ TRIUMF  
+ TA&M
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[MGA, O. Naviliat Cuncic, N. Severijns,  
Prog. Part. Nucl. Phys. 104 (2019) 165-223]



Quarks, W, Z, … 
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Matching with high-E EFT

~ 1 TeV              SM

  ~ GeV

  ~  10 TeV              NPW

W

€ 

ε i = f (α j )
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Matching with high-E EFT

W W

[Cirigliano, MGA, Jenkins’2010;  
Cirigliano, MGA, Graesser’2012]

Low-E EFT
SMEFT
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Matching with high-E EFT

W W

[Cirigliano, MGA, Jenkins’2010;  
Cirigliano, MGA, Graesser’2012]

Low-E EFT
SMEFT

Beta decays 
sensitive to a few 
EFT coefficients 
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Many examples: 
๏Tree: W', RPV-MSSM, ... 
๏ Loop: Z', RPC-MSSM, … 
๏U(3)5 inv. SMEFT

[Barbieri et al. (1985), Marciano & Sirlin (1987), 
Barger et al. (1989), Hagiwara et al. (1995), 
Cirigliano et al (2009), Gauld et al. (2014), …]
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CKM unitarity vs HEP
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CKM unitarity vs HEP

W

[From Falkowski, MGA 
& Mimouni, 2017]
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CKM unitarity vs HEP

W

[From Falkowski, MGA 
& Mimouni, 2017] LHC (pp→eν, ee )  

can’t compete here
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CKM unitarity vs HEP

W

[From Falkowski, MGA 
& Mimouni, 2017]

LHC reaching 
this level…



Scalar & tensor interactions: 
bFierz vs LHC



Scalar & tensor interactions: 
bFierz vs LHC

Models:  
- Tree: RPV-MSSM; 
- Loop: RPC-MSSM;
[Herczeg (2001), Profumo et al (2007), 
Yamanaka et al. (2010)]



Scalar & tensor interactions: 
bFierz vs LHC

But... Extremely hard to avoid π→lν  
๏ Tree: chiral theories... (1±γ5) 
๏ Loop: QED & EW mixing (S,T→P)

Models:  
- Tree: RPV-MSSM; 
- Loop: RPC-MSSM;
[Herczeg (2001), Profumo et al (2007), 
Yamanaka et al. (2010)]
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€ 

Npp→ eνX mT
2 > mT ,cut

2( ) =  ε ×  L ×σpp→ eνX mT
2 > mT ,cut

2( ) = ε ×  L ×  σW +σS  ε S
2 +  σT  εT

2( )

W
R.C.

SM background NP (EFT)

NP in neutron β decay

[MGA & Naviliat-Cuncic, Ann. Phys. 525 (2013)]  
[Cirigliano, MGA & Graesser, JHEP1302 (2013)]  
[Bhattacharya et al, PRD85 (2012)]

( Interference w/ SM ~ m/E )

LHC limits on εS,T
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LHC13, 36 fb-1 
[Gupta et al. 
1806.09006]
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LHC13  
300 fb-1

[���������	
]
-����� -����� ����� ����� �����

-�����

-�����

�����

�����

�����

ϵ�

ϵ �

13

€ 

Npp→ eνX mT
2 > mT ,cut

2( ) =  ε ×  L ×σpp→ eνX mT
2 > mT ,cut

2( ) = ε ×  L ×  σW +σS  ε S
2 +  σT  εT

2( )

W
R.C.

SM background NP (EFT)

[MGA & Naviliat-Cuncic, Ann. Phys. 525 (2013)]  
[Cirigliano, MGA & Graesser, JHEP1302 (2013)]  
[Bhattacharya et al, PRD85 (2012)]

( Interference w/ SM ~ m/E )

β decays 

“Future”

LHC limits on εS,T

[MGA, O. Naviliat Cuncic, N. Severijns, 1803.08732; 
Gupta et al. 1806.09006]
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Conclusions
๏ (Sub) permil-level precision in β decays 

๏ Great QCD progress 

๏ Experimental progress too (ISOLDE!) 

๏ Inner RC? 

๏ General EFT analysis available  
 

→ Comparison between β-decay observables;  
 

→ Comparison with APV, LEP, LHC, …  
 

→ β decays are competitive TeV probes; 

๏ More weak interaction physics at ISOLDE:  
EDMs, atomic parity violation, ...

LHC13  
300 fb-1

[���������	
]
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β decays 
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Backup slides
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What’s an EFT?

       m

        Λ                  

Leff = L4(�) +
1

⇤
L5(�) +

1

⇤2
L6(�) + . . .

L = L(�,�⇤)

αi : Wilson coefficients.

Data
(Correlated) 

bounds on the EFT 
Wilson Coefficients

Matching with a 
specific NP model

๏ Pros: 
๏ Comparison with other probes, under general assumptions; 
๏ Efficiency: the analysis is done once and for all! 
๏ Connection with HEP
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Current data

* (S = 1.9!!)  
* 
 
* (S = 2.6!!)  
* 
 
*

* Average

Precision:  
O(0.01 - 1)% !!

Neutron data

Many recent data: 
τn (UCNτ’17, Gravitrap’17),  
An (UCNA’18), an (aCORN’17), …

[Hardy-Towner'2015]

S = (χ2min/dof)1/2

Correlation coefficientsFt (0+→0+) values

(+ TH!!)

[From B. Plaster's talk at PPNS 2018]

PPNS 2018 (May’18):  
An = -0.11983(21)  
gA = 1.2764(6) [0.04%!] 
Perkeo III (2.5x!)

[Red point added by me]
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Likewise... 

Implications? It almost compensates the bilinear suppression! 

€ 

gP =  
Mn + Mp

md +mu

gA = 348(11)

[MGA & Martin Camalich,  
Phys. Rev. Lett. 112 (2014)]

[Jackson, Treiman & Wyld, 1957]

“since the nucleons are treated 
nonrelativistically, the pseudoscalar 
couplings are omitted”

~ q/M ~10-3

From hadrons to quarks

From current data:  

εP = - 0.08(15) (90%CL)

The same β decay experiments that set  
bounds on S & T, are also sensitive to P!

But… the bounds on εP from pion 
decays are much stronger!!!
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๏ EFT breaks down… 
Toy model: scalar resonance: 

๏ Then we have a lower-limit value for εS:

Nice interplay of two 
experiments separated for so 
many orders of magnitudes!!!!

€ 

pp→eν

[T. Battacharya et al., 2012]

If we see a bump...
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CKM unitarity


