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Topics in Context

We consider how “non-standard” charged-current interactions can ...

(i) modify β decay observables that respect SM symmetries

(ii) generate β decay observables that are “null” in the SM (T odd!)

Testing the V-A law has spanned decades, employing

Hint = (ψ̄pψn)(CSψ̄eψν + C′Sψ̄eγ5ψν) + (ψ̄pγµψn)(CV ψ̄eγ
µψν + C′V ψ̄eγ

µγ5ψν)

−(ψ̄pγµγ5ψn)(CAψ̄eγ
µγ5ψν + C′Aψ̄eγ

µψν) + (ψ̄pγ5γµψn)(CP ψ̄eγ5ψν + C′P ψ̄eψν)

+
1
2

(ψ̄pσλµψn)(CT ψ̄eσ
λµψν + C′T ψ̄eσ

λµγ5ψν) + h.c.

[Lee and Yang, 1956; note also Gamow and Teller, 1936]

to confront decay correlations. For the neutron: [Jackson, Treiman, and Wyld, 1957]

d3Γ

dEedΩedΩν
= ξS(pe,Ee)[1+a

pe · pν
EeEν

+b
m
Ee

+σn ·(A
pe

Ee
+B

pν
Eν

+D
pe × pν

EeEν
)]

N.B. the V-A Law: C′A = CA, C′V = CV , with all others zero.
[Feynman and Gell-Mann, 1958; Sudarshan and Marshak, 1958]

Note bξ = ±2Re[CSC∗V + C′SC′ ∗V + 3(CT C∗A + C′T C′ ∗A )]
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EFT Analysis Framework for β Decay

Leff = LSM +
∑

i

1
Λ2

i
Oi =⇒ LSM +

1
v2

∑
i

α̂iOi ,

with α̂i = v2/Λi
2. [Buchmuller & Wyler, 1986; Grzadkowski et al., 2010; Cirigliano, Jenkins, González-Alonso, 2010;

Cirigliano, González-Alonso, Graesser, 2013]

Leff = −G(0)
F Vud√

2

[ (
1 + δβ

)
ēγµ(1− γ5)νe · ūγµ(1− γ5)d

+ εL ēγµ(1− γ5)ν` · ūγµ(1− γ5)d + ε̃L ēγµ(1 + γ5)ν` · ūγµ(1− γ5)d
+ εR ēγµ(1− γ5)ν` · ūγµ(1 + γ5)d + ε̃R ēγµ(1 + γ5)ν` · ūγµ(1 + γ5)d
+ εS ē(1− γ5)ν` · ūd + ε̃S ē(1 + γ5)ν` · ūd
− εP ē(1− γ5)ν` · ūγ5d − ε̃P ē(1 + γ5)ν` · ūγ5d
+ εT ēσµν(1− γ5)ν` · ūσµν(1− γ5)d + ε̃T ēσµν(1 + γ5)ν` · ūσµν(1 + γ5)d
+ h.c.

Right-handed currents ε̃i enter as |ε̃i |2 in β decay.
δβ is the SM radiative correction. [Sirlin, 1974, 1978; Marciano & Sirlin, 1986, 2006; Czarnecki et al., 2004]

There is a one-to-one map between these operators and Lee & Yang.
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Connecting to Lee and Yang

〈p(p′)|ūγµd|n(p)〉 ≡ up(p′)

[
gV (q2)γµ − i

f2(q2)

M
σ
µνqν +

f3(q2)

M
qµ

]
un(p) ,

〈p(p′)|ūγµγ5d|n(p)〉 ≡ up(p′)

[
gA(q2)γµγ5 − i

g2(q2)

M
σ
µν
γ5qν +

g3(q2)

M
γ5qµ

]
un(p) ,

〈p(p′)|ūd|n(p)〉 ≡ up(p′)gS (q2)un(p) ,

〈p(p′)|ūσµνd|n(p)〉 ≡ up(p′)
[
gT (q2)σµν + g(1)

T (q2)(qµ
γ
ν − qν

γ
µ)

+g(2)
T (q2)(qµPν − qνPµ) + g(3)

T (q2)(γµ/qγν − γν/qγµ)
]

un(p) ,

at leading recoil order yield the matching conditions (note Ci = (G(0)
F /
√

2) Vud C̄i ), e.g.,

C̄V = gV
(
1 + δβ + εL + εR + ε̃L + ε̃R

)
C̄′

V = gV
(
1 + δβ + εL + εR − ε̃L − ε̃R

)
C̄A = −gA

(
1 + δβ + εL − εR − ε̃L + ε̃R

)
C̄′

A = −gA
(
1 + δβ + εL − εR + ε̃L − ε̃R

)
C̄S = gS (εS + ε̃S )

C̄′
S = gS (εS − ε̃S )

C̄T = 4 gT (εT + ε̃T )

C̄′
T = 4 gT (εT − ε̃T )

Lattice QCD evaluations of gS and gT sharpen the impact of beta decay experiments. [Bhattacharya et al., arXiv:1306.5435;

González-Alonso & Camalich, arXiv:1309.4434]
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Resolving the limits of the V-A Law

The precision of the experiments imply that gA/gV ≡ λ must be fit.
Poorly known recoil-order matrix elements (SM) can mimic S, T effects.
Treating these as theory errors in a maximum likelihood fit á la “CKMFitter”
[RFit] of Monte Carlo pseudodata for a and A (assuming anticipated PERC
precision) with the largest empirically allowed tensor term yields [Hoecker et al., 2001;

Charles et al., 2005 – here SG & Plaster, 2013]

S. Gardner (Univ. of Kentucky) Non-Standard Charged Currents ConfXI, St. Petersburg, 9/14 5



T-odd Observables at Low Energies....

For the neutron: [Jackson, Treiman, and Wyld, 1957]

d3Γ ∝ Ee|pe|(Emax
e − Ee)2×

[1 + a
pe · pν
EeEν

+ b
m
Ee

+ σN · (A
pe

Ee
+ B

pν
Eν

+ D
pe × pν

EeEν
)]dEedΩedΩν

A and B are P odd, T even, whereas D is (pseudo)T odd, P even.
Limits on permanent EDMs of nondegenerate systems and T-odd
correlations in β-decays probe new sources of CP violation — all these
observables involve spin....
In radiative β-decay we can form a T-odd correlation from momenta
alone: pγ · (pe × pν), so that we probe new physics sources which are
not constrained by EDM limits. [SG and Daheng He, 2012]

N.B. decay correlations can only be motion-reversal odd.
Thus they are not – and cannot be – true tests of T.
In β decay, the mimicking FSI are electromagnetic and can be computed.
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Anomalous interactions at low energies

What sort of interaction gives rise to a pγ · (pe × pν) correlation at low
energy?
Harvey, Hill, and Hill: Gauging the axial anomaly of QCD under
SU(2)L×U(1)Y makes the baryon vector current anomalous and gives rise to
“Chern-Simons” contact interactions (containing εµνρσ) at low energy.
[Harvey, Hill, and Hill (2007, 2008)]

In a chiral Lagrangian with nucleons, pions, and a complete set of
electroweak gauge fields, the requisite terms appear at N2LO in the chiral
expansion. [Hill (2010); note also Fettes, Meißner, Steininger (1998) (isovector)]

Integrating out the W± yields

−4c5

M2
eGF Vud√

2
εσµνρp̄γσnψ̄eLγµψνeLFνρ ,

which can infere with (dressed by a bremsstrahlung photon)

GF Vud√
2

gV p̄γµnψ̄eγµ(1− γ5)ψνe ,

Thus the weak vector current can mediate parity violation, too.
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Radiative β-Decay

In n(pn)→ p(pp) + e−(le) + νe(lν) + γ(k) decay the interference of the c5
term with the leading V − A terms yields

|M|2c5
= 256e2G2

F |Vud |2Im (c5 gV )
Ee

le · k
(le × k) · lν + . . . ,

neglecting corrections of radiative and recoil order.
Note EMIT II limits Im gV < 7 · 10−4 (68%CL). [Mumm et al., 2011; Chupp et al., 2012]

First row CKM unitarity yields Im gV < 2 · 10−2 (68%CL).
Defining ξ ≡ (le × k) · lν , we form an asymmetry:

A(ωmin) ≡ Γ+(ωmin)− Γ−(ωmin)

Γ+(ωmin) + Γ−(ωmin)
,

where Γ± contains an integral of the spin-averaged |M|2 over the region of
phase space with ξ >< 0, respectively, neglecting corrections of recoil order.
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Results

Table: T-odd asymmetries in units of Im [gV (c5/M2)] [MeV−2] for neutron,
19Ne, and 35Ar radiative β decay.

ωmin(MeV) AHHH(n) BR(n) AHHH(19Ne) BR(19Ne) AHHH(35Ar) BR(35Ar)
0.01 −5.61× 10−3 3.45× 10−3 −3.60× 10−2 4.82× 10−2 -0.280 0.0655
0.05 −1.30× 10−2 1.41× 10−3 −6.13× 10−2 2.82× 10−2 -0.431 0.0424
0.1 −2.20× 10−2 7.19× 10−4 −8.46× 10−2 2.01× 10−2 -0.556 0.0328
0.3 −5.34× 10−2 8.60× 10−5 -0.165 8.86× 10−3 -0.943 0.0185

Limits on Im(c5) come only from the empirical radiative β decay BR:
|Im(c5/M2)| < 12 MeV−2 at 68% C.L.
In constrast the Lee-Yang Hamiltonian yields (C(′)

i ≡ GF Vud C̃(′)
i /
√

2)

|M|2T−odd,LY = 16e2G2
F |Vud |2Mlν · (le × k)

1
le · k

Im[C̃T (C̃′∗S + C̃′∗P ) + C̃′T (C̃∗S + C̃∗P)]

With Im CLY ≡ Im[C̃T (C̃′∗S + C̃′∗P ) + C̃′T (C̃∗S + C̃∗P)], we have for ωmin = 0.3 MeV,
in units of Im CLY

ALY(n) = 5.21×10−6 ; ALY(19Ne) = 4.53×10−7 ; ALY(35Ar) = 8.63×10−7

These asymmetries are negligible cf. to Im(c5).
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Electromagnetic Simulation of T-Odd Effects

We first compute |M|2T−odd and then the asymmetry. We work in O(α) and in
leading recoil order.

|M|2 = |Mtree|2 +Mtree · M∗loop +Mloop · M∗tree +O(α2)

|M|2T−odd ≡
1
2

∑
spins

|M|2T−odd =
1
2

∑
spins

(2Re(MtreeiImM∗loop))

Note “Cutkosky cuts” [Cutkosky, 1960]

Im(Mloop) =
1

8π2

∑
n

∫
dρn

∑
sn

MfnM∗in =
1

8π2

∫
dρn

∑
sn

MfnMni

There are many cancellations. At tree level
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The Family of Two-Particle Cuts in O(e3)
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Results

Table: Asymmetries from SM FSI in various weak decays. The range of the
opening angle between the outgoing electron and photon is chosen to be
−0.9 < cos(θeγ) < 0.9.

ωmin(MeV) AFSI(n) AFSI(19Ne) AFSI(35Ar)
0.01 1.76× 10−5 −2.86× 10−5 −8.35× 10−4

0.05 3.86× 10−5 −4.76× 10−5 −1.26× 10−3

0.1 6.07× 10−5 −6.40× 10−5 −1.60× 10−3

0.3 1.31× 10−4 −1.14× 10−4 −2.55× 10−3

The computation of the nuclear FSI proceeds similarly; the final results
depend on the Z of the daughter.

ASM
ξ is proportional to (1− λ2), with λ = gA/gV = 1.267 for neutron β decay.

The observed quenching of the Gamow-Teller strength in nuclear decays can
also suppress ASM

ξ . One can use the lifetime or the β asymmetry to infer λeff.
The SM asymmetries are sufficiently small as to be negligible for
present purposes.
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Nuclear Radiative β-Decay

Very little data exist. 6He decay offers a proof-of-principle
experiment?

Data from the 1960’s.

For 6He β-decay (GT!):
ωmin(MeV) AξSM

0.01 7.00× 10−5

0.05 1.14× 10−4

0.1 1.52× 10−4

0.2 2.13× 10−4

0.3 2.63× 10−4

0.4 3.07× 10−4

0.5 3.45× 10−4

0.6 3.79× 10−4

0.7 4.07× 10−4

Now we turn to models which can generate Im c5.
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Hidden Sector Models

Many variants exist....

Hermetic
Dark matter which is neutral under all SM gauge interactions.
Suppose it possesses an exact hidden U(1). DM (here a hidden
sector stau) is self-interacting and thus subject to observational
constraints... e.g., αχ < 10−7 for Mχ ∼ 1 GeV.
[Feng, Kaplinghat, Tu, Yu, arXiv:0905.3039; Feng, Tu, Yu, arXiv:0808.2328]

Models with Abelian Connectors
Astrophysical anomalies prompts models which mix with U(1)Y .
[Essig, Schuster, Toro, 2009; Arkani-Hamed, Finkbeiner, Slatyer, Weiner, 2009; Baumgart, Cheung, Ruder-

man, Wang, Yavin, 2009]

Models with non-Abelian Connectors
[Baumgart, Cheung, Ruderman, Wang, Yavin, 2009; SG and He, arXiv:1302.1862]
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U(1) Kinetic Mixing with a Hidden Sector

[Baumgart et al., 2009]

Let A′ be the gauge field of a massive dark U(1)′ gauge group

L = LSM +
ε

2
F Y ,µνF ′µν −

1
4

F ′,µνF ′µν + m2
A′A′µA′µ

With Aµ → Ãµ = Aµ − εA′µ, the A′ gains a tiny electric charge εe.
[Holdom, 1986]

The A′ can be discovered in fixed-target experiments....
[Bjorken, Essig, Schuester, Toro, arXiv:0906.0580]
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Thomas Jefferson National Accelerator Facility 
GHP2011  R. D. McKeown                          Slide 27 

New Opportunity: Search for A’ at JLab 
Search for new forces mediated 
by ~100 MeV vector boson A’ 

with weak coupling to electrons: 

Irrespective of astrophysical anomalies:  
•  New ~GeV–scale force carriers are important category of physics beyond the SM 
•  Fixed-target experiments @JLab (FEL + CEBAF) have unique capability to explore this! 

27	  Va.	  Tech.	  Physics	  
Colloquium,	  Dec.	  3,	  2010	  

g	  –	  2	  preferred!	  

[R. McKeown, GHP 2011, April APS] [Note M. Pospelov for g − 2 connection.]
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Non-Abelian Kinetic Mixing with a Hidden Sector

Consider an operator Φ which transforms under the adjoint rep of a
non-Abelian dark group. Then tr(ΦFµν)tr(Φ̃F̃µν) can connect the sectors.
[Baumgart et al., 2009]

This operator should become more important at low energies.
We model this as (noting the hidden local symmetry model of QCD)
[Bando, Kugo, Uehara, Yamawaki, Yanagida, 1985]

L±mix = −1
4
ρ+µνρ−µν −

1
4
ρ′+µνρ′ −µν +

ε

2
(
ρ+µνρ′ −µν + ρ−µνρ′+µν

)
+

gρ√
2

(ρ+
µJ+µ + ρ−µ J−µ) .

Under ρ̃±µ = ρ±µ − ερ′ ±µ , the baryon vector current couples to ρ′ ±....
One can hope to detect the ρ′ through its possible CP-violating effects.
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A Tale of Two Models

The notion of new physics in QCD is vintage. [Okun, 1980; Bjorken, 1979; Gupta, Quinn, 1982]

Note much more recent “quirk” models:
quirks are charged under “infracolor” and are supposed to have mass
MQ ∼ 100− 1000 GeV, with MQ > Λ =⇒ macroscopic strings!
The two sectors connect via

Leff ∼
g2g′ 2

16π2M4
Q

F 2
µνF ′ 2µν

[Kang and Luty, arXiv:0805.4642]

For MQ
>∼ 100 GeV, weaker than the weak interactions!

Expect collider signatures only!
In our model we suppose hidden quarks crudely comparable to mq in mass
but with Λ′ < Λ and thus mρ′ < mρ

Expect collider effects to be hidden under hadronization uncertainties!
Expect low-energy signatures only!
New physics can be an emergent low-energy feature... to be discovered
at the Intensity Frontier!
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Radiative β decay revisited

The low-energy constant c5 can be generated in different ways....

n p

γW−

N∗

n p

γ

W−

ρ′

n p

γ

W−

ρ

ρ′

The first graph mediates radiative decay in the physical ρ basis, an
experimental limit on the asymmetry translates as
Im(c5/M2) = 2εImεg2

ρ0/(16π2m2
ρ′).

Collider studies can constrain away the colored scalars we used to build our
“connector” to the hidden sector, i.e., they can kill specific models that
generate low-energy effects — but not all.
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Summary and Outlook

(i) An EFT analysis with lattice QCD calculations of gS and gT sharpen
the ability to limit new scalar and tensor interactions in beta decay
experiments. Although SM recoil order terms that break isospin are
parametrically small, they can limit the ability to resolve the limits of the
V-A law.
(ii) The study of a spin-independent T-odd correlation coefficient is
possible via radiative β decay and allows access to CP-violating
effects associated with the baryon vector current.

The triple-product momentum correlation is P-odd and pseudo-T-

odd but does not involve the nucleon spin; the constraints offered

through its study in neutron (and nuclear) radiative β-decay yields

constraints independent of those from EDMs.
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Backup Slides
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T-odd Correlations

In neutron β decay, triple product correlations are spin dependent.
Major experimental efforts have recently been concluded.

D term [Mumm et al., 2011; Chupp et al., 2012]

D probes J · (pe × pν) and is T-odd, P-even.
D = [−0.94± 1.89(stat)± 0.97(sys)]× 10−4 (best ever!)
DFSI is well-known (N3LO) and some 10× smaller. [Callan and Treiman, 1967; Ando et al., 2009]

D limits the phase of CA/CV ...

R term [Kozela et al., 2009; Kozela et al., 2012]

Here the transverse components of the electron polarization are measured.
R probes J · (pe × σ̂) and is T-odd, P-odd.
N probes J · σ̂ and gives a non-zero check.
R = 0.004± 0.012(stat)± 0.005(sys)
R limits the imaginary parts of scalar, tensor interactions...
In contrast, in radiative β-decay one can form a T-odd correlation from
momenta alone, pγ · (pe × pν), so that the spin does not enter.
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Resolving the limits of the V-A Law

Using the neutron lifetime as well, a test statistic for falsifying the SM can be
constructed:

 [s]nτError in 
0 0.2 0.4 0.6 0.8 1

P
ro

b
ab

ili
ty

-710

-610

-510

-410

-310

-210

-110

1

σ5

0.5, 0.5]− = [
2

g

0.1, 0.1]− = [
2

g

0.025, 0]− = [
2

g

 = 0
2

g

Definitely would like a better assessment of g2!
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Experiment
Perkeo II !13
UCNA !12
UCNA !10
Spectrometer !02
Counter !01
TPC !97
Counter !97
Spectrometer !86

2!1f Lattice
LHPC !12
LHPC !10
RBC!UKQCD !08
Lin!Orginos !07
LHPC !05

2f Lattice
CLS !12
ETMC !10
RBC !08
QCDSF !13

1.0 1.2 1.4

1.24 1.26 1.28

gA!gV

0 0.05 0.10 0.15 0.20

0.8

0.9

1.0

1.1

1.2

1.3

1.4

M
Π

2 !GeV2"

g
A

Experiment
LHPC 2"1f Clover
RBC#UK 2"1f DSDR

ETMC 2"1"1f TM
PNDME 2"1"1f Mixed
CSSM 2"1f Clover
RBC#UK 2"1f DWF

The axial vector coupling  

[Bhattacharya et al., arXiv:1306.5435]

In beta-decay we must fit for SM 
and BSM physics simultaneously

[SG, Plaster,
arXiv:

1305.0014]
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Resolving the limits of the V-A Law 
Poorly known recoil-order matrix elements

can mimic S,T effects

The second-class current (SCC) terms are 
particularly poorly known

From QCD sum rules:

From Lattice QCD                    :           (|�S| = 1)

⌅0 ! ⌃+l⌫̄

g2/gA = �0.0152± 0.0053

g2/gA = 0.68± 0.18 ; f3/gV = 0.14± 0.09

g2 = gA[�0.026,�0.0046] = [�0.033,�0.006]

[Shiomi, 1996]

[Sasaki and Yamazaki, 2009]

g2 ⇡ 0.05gA[0.32, 1.04] = [0.020, 0.066]

f3 ⇡ 0.05[�0.04, 0.32] = [�0.002, 0.016]

g2 = [�0.033, 0.066]

Union of both methods
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3

neutron � decay takes the form [21]

d�

dEed⌦ed⌦⌫
=

1

(2⇡)5
peEe(E0

� Ee)
2

⇠

⇥

1 + b

me

Ee
+ a

~pe · ~p⌫
EeE⌫

+ h~�ni ·
✓
A

~pe

Ee
+B

~p⌫

E⌫
+D

~pe ⇥ ~p⌫

EeE⌫

◆�
, (1)

where we refer to Ref. [21] for the explicit form of ⇠ and
the correlation coe�cients in terms of the parameters
of the Lee-Yang Hamiltonian [34], noting Ref. [18] for
a discussion of the connection to modern conventions.
We use Ee (E⌫) and ~pe (~p⌫) to denote, respectively, the
electron’s (antineutrino’s) total energy and momentum,
where E

0

is the electron endpoint energy, and h~�ni is the
neutron polarization.

The Coulomb corrections to Eq. (1) are also known
[46] and modify the expression most notably in terms of
a multiplicative Fermi function F (Z,Ee) [47]. The phase-
space integrated Fermi function and corrections to it have
been studied in great detail [48, 49]; we omit it, as well
as the outer radiative correction [50], in the generation
of the Monte Carlo pseudodata for our decay correlation
studies as we are interested in a(Ee) and A(Ee), which
are accessed through asymmetry measurements for which

such e↵ects only lead to a slight modification of the rel-
ative statistics (via the spectral shape).

The D term is a naively time-reversal-odd observable:
a value for D in excess of the ⇠ 10�5 level attributed
to SM final-state interaction e↵ects [51, 52] would reveal
the existence of new CP-violating interactions at the La-
grangian level (assuming CPT holds). The current level
of experimental precision places stringent constraints on
any such new e↵ects [53, 54].

In what follows we report expressions for the correla-
tion coe�cients which include the tree-level new physics
of the Lee-Yang Hamiltonian and the contributions of the
usual V �A terms through recoil order. In realizing this
the strong interaction plays an essential role: the ma-
trix elements of the vector V and axial-vector A currents
are described by six distinct form factors. We find it
immensely useful to note the quark-level e↵ective theory
which underlies the Lee-Yang couplings [29, 30, 33]; such
makes the separation of the QCD physics which underlies
the hadronic matrix element calculation from the nomi-
nally higher-energy physics encoded in the e↵ective low-
energy constants clear. As per Refs. [30, 33] we map the
Lee-Yang e↵ective couplings Ci, C

0
i with i 2 {V,A, S, T}

to C

(0)
i ⌘ (GF /

p
2)VudC̃

(0)
i and note the hadronic matrix

elements needed in � decay are [55]

hp(p0)|ū�µ
d|n(p)i ⌘ up(p

0)
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�
un(p) , (2)
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�
un(p) , (3)

hp(p0)|ūd|n(p)i ⌘ up(p
0)gS(q

2)un(p) , (4)

hp(p0)|ū�µ⌫d|n(p)i ⌘ up(p
0)
h
gT (q

2)�µ⌫ + g

(1)

T (q2)(qµ�⌫ � q

⌫
�

µ)

+g

(2)

T (q2)(qµP ⌫ � q

⌫
P

µ) + g

(3)

T (q2)(�µ
/q�

⌫ � �

⌫
/q�

µ)
i
un(p) , (5)

where q ⌘ p

0 � p denotes the momentum transfer, P ⌘
p

0+p, andM is the neutron mass. In neutron � decay, the
q

2-dependent terms are of next-to-next-to-leading order
(NNLO) in the recoil expansion, noting f

1

(0) and g

1

(0)
appear in leading order (LO), and hence are of negli-
gible practical relevance. Consequently, we replace, as
usual, the form factors with their values at zero momen-
tum transfer. We note f

1

(0) ⌘ gV is the vector coupling
constant given by gV = 1 under CVC; f

2

(0) ⌘ f

2

is the
weak magnetism coupling constant given by (p � n)/2
under CVC, noting p(n) is the anomalous magnetic mo-
ment of the proton (neutron); f

3

(0) = f

3

is the induced
scalar coupling constant; g

1

(0) = gA is the axial vec-
tor coupling constant; g

2

(0) = g

2

is the induced tensor
coupling constant; and g

3

(0) = gP is the induced pseu-
doscalar coupling constant. The CVC predictions have
SM corrections in NNLO. The contributions of f

1

, f
2

, g
1

,

and g

3

to the hadronic current are termed first-class cur-
rents, whereas those of f

3

and g

2

are termed second-class
currents, due to their transformation properties under
G-parity [55]. The latter quantities, f

3

and g

2

, vanish
in the SM up to quark mass e↵ects which break flavor
symmetry; we discuss their estimated size in Sec. III.
Of particular interest to us are the scalar and tensor

interactions, as establishing their existence at current ex-
perimental limits would signify the presence of physics
BSM. The matching of the quark-level to nucleon-level
e↵ective theories at LO in the recoil expansion yields:

C̃S = gS(✏S + ✏̃S) ,

C̃

0
S = gS(✏S � ✏̃S) ,

C̃T = 4gT (✏T + ✏̃T ) ,

C̃

0
T = 4gT (✏T � ✏̃T ) , (6)

Resolving the limits of the V-A Law 

4

where the ✏ coe�cients are the low-energy constants of
the quark-level e↵ective theory of Refs. [30, 33]. We have

neglected the matrix elements g

(i)
T with i 2 1, 2, 3 in re-

alizing this expression and thus, for consistency, shall
neglect the scalar and tensor contribution to recoil order
terms in all that follows. Bhattacharya et al. [33] have
employed a Rfit scheme to determine the impact of im-

proved lattice estimates of gS and gT on the limits on the
quark-level low-energy coe↵cients for given experimental

sensitivities to C̃

(0)
S,T .

In unpolarized neutron � decay, the unpolarized dif-
ferential distribution relevant for a measurement of a,
neglecting terms beyond next-to-leading order in the re-
coil expansion but accounting for all six possible form
factors, is of the form [56]

d
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2 cos2 ✓e⌫

�
, (7)

where ✓e⌫ is the electron-antineutrino opening angle and � ⌘ |~pe|/Ee. The structure of this expression serves as a
de facto definition of a ⌘ a

1

+ a

2

� cos ✓e⌫ and b

BSM

in recoil order. It follows that of Ref. [21] if recoil terms are
neglected and is that of Ref. [58] if b

BSM

= 0. Note that in writing the recoil contributions we have neglected terms
of O(✏SgS , ✏T gT )R. Moreover,

a
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+
1
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a

2

=
3(�2 � 1)

(1 + 3�2)
Rx , (9)

with � = gA/gV > 0 in the SM, and the kinematic factors ✏, R, and x are defined according to

✏ =
⇣
me

M

⌘
2

, R =
E

0

M

, x =
Ee

E

0

. (10)

The computations of Ref. [57] have been repeated in de-
riving these forms, and the results are consistent up to
the f

3

terms [45]. It is also consistent with Ref. [36], as
well as with Ref. [58], noting f

3

= g

2

= 0 in the latter.
These comparisons are all within the context of V � A

theory.
We use R itself, noting R ⇡ 1.37⇥10�3, to characterize

the e�cacy of the recoil expansion. Both SM and BSM
couplings appear in ⌅, a

0

, and b

BSM

, namely [21]

⌅ = 1 + 3�2 + (gS✏S)
2 + 3(4gT ✏T )

2

, (11)

a

0

=
(1� �

2)� (gS✏S)2 + (4gT ✏T )2

(1 + 3�2) + (gS✏S)2 + 3(4gT ✏T )2
, (12)

b

BSM

=
2(gS✏S)� 6�(4gT ✏T )

(1 + 3�2) + (gS✏S)2 + 3(4gT ✏T )2
, (13)

where we employ Eq. (6).
Our recoil-order expression for the term proportional

to ✏/Rx / me/Ee appearing within the first set of
square brackets in the di↵erential distribution of Eq. (7)
is equivalent to the term labeled “b

SM

” employed in Refs.
[33, 59]. However, it should be noted that the second-
class currents f

3

and g

2

yield an additional me/Ee term
which is proportional to (f

3

� �g

2

). Simply for the sake
of notation, we label this term “b

SCC

”, where we then
have, in summary,

b

SM

= �me

M

1 + 2�+ �

2 + 2�(p � n)

1 + 3�2

,

b
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= 2
me

M
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2
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. (14)

In polarized � decay, the di↵erential distribution rele-
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TABLE I. Summary of parameters for the “Standard Model” and “New Physics” Monte Carlo pseudodata sets. We note under
CVC that f

2

= (p � n)/2 = 1.8529450 [22].

Input Parameters � f
2

f
3

g
2

g
3

gS✏S gT ✏T
Standard Model PDG: 1.2701 CVC: (p � n)/2 0 0 0 0 0
New Physics PDG: 1.2701 CVC: (p � n)/2 0 0 0 0 1.0⇥ 10�3

Calculated Parameters ⌅ a
0

A
0

b
BSM

⌧
Standard Model 5.83946 �0.105002 �0.117495 0 885.631 s
New Physics 5.83951 �0.104998 �0.117489 �0.00522 885.624 s
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FIG. 1. (Color online) Simulated data from the Standard Model data set for a
exp

/( 1
2

�) [panel (a)] and A
exp

/( 1
2

�) [panel (b)]
plotted as a function of Te. The solid red line is the result of a simultaneous fit to the a and A data.

from the simulated data in a manner similar to how ac-
tual experimental data would be analyzed in a typical
“forward/backward” asymmetry measurement (see, e.g.,
[77]), where

a

exp

⌘ N(cos ✓e⌫ > 0)�N(cos ✓e⌫ < 0)

N(cos ✓e⌫ > 0) +N(cos ✓e⌫ < 0)
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1
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, (40)

A

exp

⌘ N(cos ✓e > 0)�N(cos ✓e < 0)

N(cos ✓e > 0) +N(cos ✓e < 0)

=
1

2
�

A

1 + b

BSM

me
Ee

. (41)

Sensitivity to b

BSM

from A(E) and a(E) have been pre-
viously considered by Refs. [33, 39, 79]. In a real experi-
ment the e↵ects of O(↵) radiative corrections [78] would
have to be removed to interpret A

exp

in terms of the sim-
ple theoretical expressions we employ, noting Eqs. (8) and
(18), in our fits. We avoid this now for simplicity, and
we are able to do so because said correction incurs no
additional hadronic uncertainty. Moreover, for similar
reasons we drop the a

2

term from our fits as well; they
are simply trivially small. The fits shown in Fig. 1 are
the result of a simultaneous fit to the a and A data, in
which {x

exp

} = {a,A}, noting {a,A} is shorthand for
the complete set of the binned-in-energy results for a

exp

and A

exp

, and {ya} = {�}. We fix f

2

to its CVC value

and set all second-class couplings to zero, so that b

BSM

vanishes. As a validation of our methods, the fit result
for � = 1.27009(8) agrees with the input value to within
�0.1� with a �2

min

/N

dof

= 135.3/157, yielding a perfectly
acceptable Prob(�2

> �

2

min

) = 0.89.

Relaxing the assumption that second class currents
are zero, we apply the Rfit scheme to a fit in which
{ya} = {�}, and f

3

and g

2

comprise the {yµ} param-
eter set, which are then permitted to vary simultane-
ously over some prescribed range, as per the prescription
discussed in Sec. IVB. Of the other {y

mod

} parame-
ters, f

2

is again fixed to its CVC value, and b

BSM

is
fixed to zero. The resulting 68.3% CL on � for di↵er-
ent assumptions on the permitted theory ranges for f

3

and/or g
2

are compared in Table II. Note that we deter-
mine a 68.3% CL as per the requirement ��

2({ya}) =
�

2({ya}; {yµ})min

� �

2(y
mod

)
min

= 1, where in this case
{ya} = {�} and {yµ} = {f

3

, g

2

}. Referring to Table
II, unless g

2

can be constrained to O(0.1), theory uncer-
tainties in g

2

would limit the precision to which � can
be extracted from experiments aiming to measure a and
A to the level of 0.03%. Even at this level, the range
of the 68.3% CL on � is ⇠ 50% larger than the case in
which second class currents are taken to be exactly zero.
In contrast the fits are almost completely insensitive to
the value of f

3

; this is because the latter appears only in
the ✏/Rx terms.

Alternatively, in the absence of a theory bound on g

2

,

a = a1 + a2� cos ✓e⌫

a1 = a0 + f(gA, f2, g2, f3, Ee)

a2 =
3(�2 � 1)

(1 + 3�2)

Ee

M

� ⌘ gA
gV
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FIG. 12. Summary of the isovector Dirac and Pauli mean-
squared radii from all currently existing Nf = 2 + 1 and 2 +
1+1 nucleon electromagnetic form-factor calculations [23, 36,
38, 57, 58, 65]. The dashed curve indicates the leading-order
HBXPT prediction.

obtained from both low-energy neutron decay and the
CMS and ATLAS experiments at the LHC. We show
three bounds from the LHC for di↵erent center-of-mass
energies and integrated luminosity. To obtain these
projected limits from the LHC, we use the tail of the
transverse-mass distribution in the reaction pp ! e⌫̄+X;
that is, the region where mT > mcut

T . The transverse-
mass cut is chosen such that the expected Standard-
Model background is less than one event. For the brown
ellipse, the background is taken from the measured value
at CMS [75]; otherwise, the background is estimated by
computing at tree level the transverse-mass distribution
due to the production of a high-pT lepton from an o↵-
shell W . For further details of this analysis, refer to
Refs. [1] and [76]. The outer dashed purple ellipse gives
the LHC expected constraint using the full current 8-
TeV dataset; the inner dotted magenta ellipse gives the
expected final LHC constraint with maximum lifetime
luminosity at the 14-TeV design energy.

We compare these LHC constraints to low-energy con-

FIG. 13. "S-"T allowed parameter region using di↵erent
experimental and theoretical inputs as discussed in the text.
All estimates are in the MS scheme at 2 GeV. The constraints
from low-energy nuclear experiments using model estimates
for gS,T are shown by the outer blue region; the improvement
on using lattice estimates of gS,T given in this paper reduce
it to the middle green region. The inner red region indicates
future bounds assuming UCN experiments provide |b⌫ � b| <
10�3 and |b| < 10�3, 6He experiments provide constraints
on gT "T at the 2 ⇥ 10�4 level [72–74], and errors in lattice
estimates are reduced to 15%. The constraint on "T from
radiative pion decay is shown by the two vertical lines. These
low-energy constraints are also compared to those from the
LHC. The outer brown dashed line is the existing bound from
data given in Ref. [75]. The middle dashed purple and inner
dotted magenta lines are the future near-term and long-term
expectations.

straints using nuclear experiments1. The outer blue re-
gion combines current nuclear experiments with model
estimates of gS,T (0.25 < gS < 1.0 and 0.6 < gT <
2.3 [77]). The middle green region improves the con-
straint by using current lattice values for gS,T . The in-
ner red region combines nuclear experiment with antici-
pated future constraints from precision measurements of
decays of ultracold neutrons (assuming |b⌫ � b| < 10�3

1 The most stringent constraints are from nuclear beta decay,
0+ ! 0+ transitions and other processes, such as � asymmetry
in Gamow-Teller 60Co, longitudinal polarization ratio between
Fermi and Gamow-Teller transitions in 114In, positron polariza-
tion in polarized 107In and beta-neutrino correlation parameters
in nuclear transitions. Note that the constraint on "T due to
radiative pion decays is omitted from the combined analysis to
highlight the LHC data and improvements due to anticipated
UCN experiments and lattice-QCD calculations of gS,T . That
constraint is indicated on the plot by thin vertical lines.

Scalar and Tensor Charges
Lattice QCD sharpens the impact of beta decay experiments

[Bhattacharya et al., 
arXiv:1306.5435]
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