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• Overview of current and future searches for heavy new 
physics using low-energy precision measurements


• Advertisement of EFT and global likelihood approach  


• Possibly, some new directions to entertain within the GdR-InF  

Goals



• The SM has been excessively successful in describing (almost) all collider 
and low-energy experiments. The discovery of the 125 GeV Higgs boson was 
the last piece of the puzzle that nicely fell into place. No more free parameters 
in the SM


• But we know physics beyond the SM exists (neutrino masses, dark matter, 
inflation, baryon asymmetry).  There are also some theoretical hints for new 
physics (strong CP problem, flavor hierarchies, gauge coupling unifications, 
naturalness problem)


• At the same, certainly one cannot point to one specific model or a class of 
models that is strongly preferred theoretically. In particular,  the naturalness 
paradigm seems to be a dead end, which means that BSM physics can be at 
any mass scale, from sub-eV to Planck scales


• To make further progress we need a hint from experiment 

Status report



High-energy frontier

Most of what we know about fundamental interactions  
we learned on the high-energy frontier



High-energy frontier
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Initially, impressive progress of order of magnitude per decade,  
which is however flatlining in this century
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A host precision measurements is providing  
complementary information about fundamental interactions 

Low-energy frontier



Precision frontier has had a slower pace of progress compared to high-energy colliders,  
order of magnitude/30 years, however higher scales reached and no sign of flatlining 

ℒ = d ēσμνμFμν ⇒ Γ(μ → eγ) ≈
m3

μ

4π
d2

1960 1970 1980 1990 2000 2010 2020

104

105

106

107

108

104

105

106

107

108

year

Λ[
G
eV

]

μ → eγ
d ∼

v
Λ2

d ∼
mμ

Λ2

d ∼
mμ

16π2Λ2
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• Low-energy measurements can, indirectly,  probe heavy 
new physics, sometimes far above the reach of present or 
near-future high-energy colliders 


• Mostly small- or moderate-scale experiments


• Good prospects for progress at many fronts and for  
pushing the reach to higher mass scales  

Low-energy frontier



Low-energy frontier

Rare or forbidden 
processes

Precision  
measurements

Zero or negligible SM background 
Simple interpretation: any signal  

is unambiguous evidence of new physics

E.g.  
proton decay, 

neutron and electron EDM 
CLFV: μ->eγ, τ->lγ, Bs->μe …  

E.g.  
electron or muon MDM, 
atomic parity violation, 

basically entire flavor physics: 
neutral meson mixing, kaon ε’/ε    

π->lν, Bs->μμ, K-> πνν, …  

Sensitive to new physics scale as

Precision ∼
1

Λ4

Signal appears as a small correction  
on top of the SM prediction 

More difficult interpretation: evidence  
from new physics requires  

good understanding of backgrounds 
(often non-perturbative) 

Precision ∼
1

Λ2



• The rest of this talk focuses on the precision frontier, with 
the focus on observables involving first generation quarks


• A huge amount of observables


• Convenient and systematic model-independent language 
to describe this wealth of information is that of effective 
field theory (EFT)   

Low-energy precision frontier



EFT Formalism



• For observables at a given energy/momentum scale, retain only the 
degrees of freedom relevant at that scale and integrate out all heavier 
degrees of freedom


• Identify the symmetries of the low-energy theory and the small 
expansion parameters (typically, coupling constants and Energy_Scale/
Heavy Mass_Scale)


• Write down most general interactions for the light degrees of freedom 
consistent with the symmetries and organize them in consistent 
expansion following some power counting with respect to the small 
parameter


• If the UV completion  is known, connect its parameters to that of the 
effective theory by the matching procedure       

Effective field theories

In the following, assume no new  very light degrees of freedom other than the SM ones
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WEFT: EFT below the weak scale

• For most low-energy precision observables, the characteristic energy 
scale is much smaller than the W and Z boson mass 


• Below mW, the only SM degrees of freedom available are leptons, 
photon, gluons, and 3,4,or 5 flavors of quark, while  H/W/Z bosons and 
top quark are integrated out


• I refer to it as the WEFT (also known as the Fermi theory, WET, LEFT ,…)     


• WEFT is an EFT with SU(3)xU(1) gauge group and fermionic matter 
spectrum, where the expansion parameter is E/mW, mW≈80 GeV. 


• There are 70 dimension-5 and 3631 dimension-6 operators preserving 
baryon and lepton number Jenkins et al

1711.05270

In a way, apply a similar approach as that familiar from  
model-independent treatment of B-meson anomalies,  

however more generally and more globally   



Example #1: atomic parity violation
Subset of WEFT: parity-violating neutral current interactions of 2 electron and 2 light quarks

There are 2-independent couplings here, which are probed by 
atomic parity violation, and parity violating electron scattering 

Closely  following PDG notation

M. González-Alonso

EFT at the EW scale

~ 1 TeV              SM

  ~  10 TeV              NPW

W

EFT    =    Symmetries   +   Fields

- Lorentz; 

- SU(2) x U(1); 

- Flavour sym? 

- B, L; 

- SM fields 

- h SU(2) doublet 

- No light NP

L = L(�,�⇤)

α: Wilson coefficients (UV physics)  
59 dim-6 operators 
[Buchmuller & Wyler’1986, Leung et al.’1986, Grzadkowksi et al., 2010] 

Example:

…

q

q e

e
ℒWEFT ⊃

GF

2 ∑
q=u,d

geq
AV(ēγργ5e)(q̄γρq)

3.2 Parity violation in atoms and in scattering

Atomic parity violation (APV) and parity-violating electron scattering experiments access the
parity-violating e↵ective couplings of electrons to quarks geqAV and geqV A. In particular, APV and
elastic scattering on a target with Z protons and N neutrons probe its so-called weak charge QW

that is given by
QW (Z,N) = �2

�
(2Z +N)geuAV + (Z + 2N)gedAV

�
, (3.7)

up to small radiative corrections [61, 77]. The most precise determination is performed in 133Cs,
where QW (55, 133 � 55) ⇡ �376geuAV � 422gedAV . Taking into account recent re-analyses [85] of
the measured parity-violating transitions in cesium atoms [86], the latest edition of the PDG
Review [61] quotes

QCs

W = �72.62± 0.43, (3.8)

where the SM prediction is QCs

W,SM = �73.25 ± 0.02 [61]. Other APV measurements, e.g. with
thallium atoms, probe slightly di↵erent combinations of the geqAV couplings, although with larger
errors.

Instead, a very di↵erent linear combination of geuAV and gedAV is precisely probed by measurements
of the weak charge of the proton, Qp

W = QW (1, 0), in scattering experiments with low-energy
polarized electrons. The QWEAK experiment [87] finds

Qp

W = 0.064± 0.012, (3.9)

where the SM prediction is Qp

W,SM = 0.0708± 0.0003 [61].
In order to access the e↵ective couplings geqV A one needs to resort to deep-inelastic scattering of

polarized electrons. Currently, the most precise of these is the PVDIS experiment [88] that studies
electron scattering on deuterium targets. The experiment is sensitive to the following two linear
combinations of e↵ective couplings [88]:

APVDIS

1

= 1.156⇥ 10�4

�
2geuAV � gedAV + 0.348(2geuV A � gedV A)

�

APVDIS

2

= 2.022⇥ 10�4

�
2geuAV � gedAV + 0.594(2geuV A � gedV A)

�
. (3.10)

The measured values are [88]

APVDIS

1

= (�91.1± 4.3)⇥ 10�6, APVDIS

2

= (�160.8± 7.1)⇥ 10�6, (3.11)

where the SM predictions are APVDIS

1,SM = �(87.7± 0.7)⇥ 10�6, APVDIS

2,SM = �(158.9± 1.0)⇥ 10�6 [88].
The PDG combines the results of APV, QWEAK, and PVDIS experiments into correlated

constraints on 3 linear combinations of geqV A and geqAV [61]:

0

@
geuAV + 2gedAV

2geuAV � gedAV

2geuV A � gedV A

1

A =

0

@
0.489± 0.005
�0.708± 0.016
�0.144± 0.068

1

A , ⇢ =

0

@
�0.94 0.42

�0.45

1

A . (3.12)

To disentangle geuV A and gedV A one needs more input from earlier (less precise) measurements of
parity-violating scattering. We include two results provided by the SAMPLE collaboration [89]:

geuV A � gedV A = �0.042± 0.057, geuV A � gedV A = �0.12± 0.074, (3.13)
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Cesium: atom with single (valence) 
electron outside a closed core.

Cs  Z=55

1s2…5p6 6score
valence
electron

6s

7s

E1
l=0 to l=0 electric dipole transition is

forbidden by parity selection rules

Cs

Need heavy atom 
for atomic PNC

Weak charge of a nucleus:

Wood et al
(1997)

QW(p) = 0.0719 ± 0.0045, QSM
W (p) = 0.0708 ± 0.0003QWEAK 

Nature 557 (2018) 

QW(Cs) = − 72.62 ± 0.43, QSM
W (Cs) = − 73.25 ± 0.02



geq
AV = geq

AV,SM + δgeq
AV, geu

AV,SM = − 0.1888, ged
AV,SM = 0.3419

Example #1: atomic parity violation

These data often interpreted  
as constraints on the Weinberg angle 

but that is a waste… 

10. Electroweak model and constraints on new physics 15
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Figure 10.2: Scale dependence of the weak mixing angle defined in the
MS scheme [101,102] (for the scale dependence of the weak mixing angle defined
in a mass-dependent renormalization scheme, see Ref. 103). The minimum of the
curve corresponds to µ = MW , below which we switch to an effective theory with
the W± bosons integrated out, and where the β-function for the weak mixing
angle changes sign. At the location of the W boson mass and each fermion mass
there are also discontinuities arising from scheme dependent matching terms which
are necessary to ensure that the various effective field theories within a given
loop order describe the same physics. However, in the MS scheme these are very
small numerically and barely visible in the figure provided one decouples quarks at
µ = m̂q(m̂q). The width of the curve exceeds the theory uncertainty from strong
interaction effects which at low energies is at the level of ±2×10−5 [102]. Following
the estimate [104] of the typical momentum transfer for parity violation experiments
in Cs, the location of the APV data point is given by µ = 2.4 MeV. For NuTeV we
display the updated value from Ref. 105 and chose µ =

√
20 GeV which is about

half-way between the averages of
√

Q2 for ν and ν interactions at NuTeV. The
Tevatron and LHC measurements are strongly dominated by invariant masses of the
final state dilepton pair of O(MZ) and can thus be considered as additional Z pole
data points. For clarity we displayed the Tevatron and LHC points horizontally to
the left and to the right, respectively.

where the numerically small adjustments are discussed in Ref. 75 and include the result
of the γZ-box correction from Ref. 115. E.g., QW (133Cs) is extracted by measuring
experimentally the ratio of the parity violating amplitude, EPNC, to the Stark vector
transition polarizability, β, and by calculating theoretically EPNC in terms of QW . One
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XInstead, more useful information if they are  interpreted 
as constraint on WEFT Wilson coefficients

(
δgeu

AV

δged
AV) = ( 0.74 ± 2.2

−2.1 ± 2.5) × 10−3

Combined fit:  
per-mille level constraints! 
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Example #2: hadronic tau decays
Subset of WEFT: charged current interactions of tau with 2 light quarks 

Cirigliano et al 
1809.01161 

CERN-TH-2008-171, LA-UR-18-27408, LPT-Orsay-18-82

Hadronic tau decays as New Physics probes in the LHC era

Vincenzo Cirigliano,1 Adam Falkowski,2 Mart́ın González-Alonso,3 and Antonio Rodŕıguez-Sánchez4

1Theoretical Division, Los Alamos National Laboratory, Los Alamos, NM 87545, USA
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We analyze the sensitivity of hadronic ⌧ decays to non-standard interactions within the model-
independent framework of the Standard Model E↵ective Field Theory (SMEFT). Both exclusive
and inclusive decays are studied, using the latest lattice data and QCD dispersion relations. We
show that there are enough theoretically clean channels to disentangle all the e↵ective couplings
contributing to these decays, with the ⌧ ! ⇡⇡⌫⌧ channel representing an unexpected powerful New
Physics probe. We find that the ratios of non-standard couplings to the Fermi constant are bound
at the sub-percent level. These bounds are complementary to the ones from electroweak precision
observables and pp ! ⌧⌫⌧ measurements at the LHC. The combination of ⌧ decay and LHC data
puts tighter constraints on lepton universality violation in the gauge boson-lepton vertex corrections.

Hadronic tau decays have been extensively used in the
last decades to learn about fundamental physics [1, 2].
The inclusive decays are used to accurately extract fun-
damental Standard Model (SM) parameters such as the
strong coupling constant [3–5], the strange quark mass
or the Vus entry of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix [6, 7]. They represent also a valuable
QCD laboratory, where chiral parameters or properties
of the QCD vacuum can be extracted with high preci-
sion in a model-independent fashion through dispersion
relations [8, 9]. On the other hand, exclusive hadronic
tau decays are much harder to predict within QCD with
high accuracy and they are thus useful to learn about
hadronic physics. The only exceptions are the two-body
decays ⌧ ! ⇡⌫⌧ ,K⌫⌧ , thanks to the precise lattice cal-
culations of the pion and kaon decay constants [10].

The agreement between the above-mentioned determi-
nations of SM and QCD parameters with determinations
using other processes represent a non-trivial achievement,
which is only possible thanks to the impressive e↵ort car-
ried out in several fronts: experimental, lattice and ana-
lytical QCD methods. Needless to say, this agreement is
easily spoiled if non-standard e↵ects are present. How-
ever, the use of hadronic tau decays as New Physics (NP)
probes has been marginal so far (see e.g. Refs. [11, 12]),
with the exception once again of the simple ⌧ ! ⇡⌫⌧ ,K⌫⌧

channels. The goal of this letter is to amend this situa-
tion presenting an unprecedented comprehensive analysis
of the NP reach of hadronic tau decays.

We focus for sake of definiteness on the non-strange
decays, which are governed by the following low-energy

e↵ective Lagrangian [13] 1

Le↵ = �GFVudp
2

"⇣
1 + ✏

⌧
L

⌘
⌧̄ �µ(1� �5)⌫⌧ · ū�µ(1� �5)d

+✏

⌧
R ⌧̄ �µ(1� �5)⌫⌧ · ū�µ(1 + �5)d

+ ⌧̄(1� �5)⌫⌧ · ū
h
✏

⌧
S � ✏

⌧
P �5

i
d

+✏

⌧
T ⌧̄�µ⌫(1� �5)⌫⌧ · ū�µ⌫(1� �5)d

#
+ h.c., (1)

where we use �µ⌫ = i [�µ
, �

⌫ ]/2 and GF is the Fermi con-
stant. The only assumptions are Lorentz and U(1)em ⇥
SU(3)C invariance, and the absence of light nonstandard
particles. In practice we also assume that the subleading
derivative terms in the EFT expansion (suppressed by
m⌧/mW ) are indeed negligible. The Wilson coe�cients
✏i parametrize non-standard contributions, and they van-
ish in the SM leaving the V � A structure generated by
the exchange of aW boson. The nonstandard coe�cients
✏i can be complex, but the sensitivity of the observables
considered in this work to the imaginary parts of the
coe�cients is very small. Thus, the results hereafter im-
plicitly refer to the real parts of ✏i.
Through a combination of inclusive and exclusive ⌧

decays, we are able to constrain all the Wilson coe�cients
in Eq. (1) – this is the main result of this paper. In the
MS scheme at scale µ = 2 GeV we find the following
central values and 1� uncertainties:

0

BBB@

✏

⌧
L�✏

e
L+✏

⌧
R�✏

e
R

✏

⌧
R
✏

⌧
S
✏

⌧
P
✏

⌧
T

1

CCCA
=

0

BBB@

1.0± 1.1
0.2± 1.3
�0.6± 1.5
0.5± 1.2

�0.04± 0.46

1

CCCA
· 10�2

, (2)

1 We have not included right-handed (and wrong-flavor) neutrino
fields [14], which in any case do not interfere with the SM am-
plitude and thus contribute at O(✏2i ) to the observables.
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At leading order, 5 independent coefficients εX,  
corresponding to different Lorentz structures of the hadronic and leptonic currents  

Multiple observables needed to disentangle them,  
and constrain all Wilson coefficients independently 



Example #2: hadronic tau decays

τ → π ν :

2

where ✏

e
L,R parametrize electron couplings to the first

generation quarks and are defined in analogy to their tau
counterparts. They a↵ect the GFVud value obtained in
nuclear � decays [15], which is needed in the analysis of
hadronic tau decays. The correlation matrix associated
to Eq. (2) is

⇢ =

0

BBB@

1 0.88 0 �0.57 �0.94
1 0 �0.86 �0.94

1 0 0
1 0.66

1

1

CCCA
. (3)

Below we summarize how Eqs. (2)-(3) were derived.

I. EXCLUSIVE DECAYS

The ⌧ ! ⇡⌫⌧ channel [16] gives the following 68% CL
constraint:

✏

⌧
L � ✏

e
L � ✏

⌧
R � ✏

e
R � B0

m⌧
✏

⌧
P = (�1.5± 6.7) · 10�3

, (4)

where B0 = m

2
⇡/(mu + md). We included the SM ra-

diative corrections [17–19] and the latest lattice aver-
age for the pion decay constant, f⇡± = 130.2(8) MeV
(Nf = 2 + 1) [20], from Refs. [21–23]. We stress that
the lattice determinations of f⇡± are a crucial input to
search for NP in this channel, and despite its impres-
sive precision, it represents the dominant source of er-
ror in Eq. (4), followed by the experimental error (2.4
times smaller), and the radiative corrections uncertainty.
Because of this, significant improvement in the bound
above can be expected in the near future. Alternatively,
as often seen in the literature [1], one can obtain tighter
constraints on the e↵ective theory parameters by con-
sidering “theoretically clean” ratios of observables where
the f⇡ dependence cancels out. For example, from the
ratio �(⌧ ! ⇡⌫)/�(⇡ ! µ⌫) one can deduce

✏

⌧
L�✏

µ
L�✏

⌧
R+✏

µ
R�

B0

m⌧
✏

⌧
P+

B0

mµ
✏

µ
P = (�3.8±2.7)·10�3

. (5)

This and similar constraints are not included in Eq. (2),
which only summarizes the input from hadronic tau de-
cays without using any meson decay observables. In-
stead, we later combine Eq. (2) with the results of
Ref. [24], which derived a likelihood for the e↵ective the-
ory parameters based on a global analysis of pion and
kaon decays. The combination e↵ectively includes con-
straints from �(⌧ ! ⇡⌫)/�(⇡ ! `⌫), once correlations
due to the common f⇡ uncertainty are properly taken
into account.

The ⌧ ! ⇡⇡⌫⌧ channel, which is sensitive to vector and
tensor interactions, is much more complicated to predict
within QCD in a model-independent way. However, a
stringent constraint can be obtained through the compar-
ison of the spectral functions extracted from ⌧ ! ⇡⇡⌫⌧

and its isospin-rotated process e

+
e

� ! ⇡

+
⇡

�, after

the proper inclusion of isospin-symmetry-breaking cor-
rections. The crucial point here is that heavy NP e↵ects
(associated with the scale ⇤) can be entirely neglected
in e

+
e

� ! ⇡

+
⇡

� at energy
p
s ⌧ ⇤ due to the electro-

magnetic nature of this process. We can benefit from past
studies that exploited this isospin relation to extract from
data the ⇡⇡ component of the lowest-order hadronic vac-
uum polarization contribution to the muon g�2, usually
denoted by a

had,LO
µ [⇡⇡], through a dispersion integral.

Such approach assumes implicitly the absence of NP ef-
fects, which however may contribute to the extraction
from tau data. In this way we find a sub-percent level
sensitivity to NP e↵ects:

a

⌧
µ�a

ee
µ

2 aeeµ
=✏

⌧
L�✏

e
L+✏

⌧
R�✏

e
R +1.7 ✏⌧T =(8.9±4.4)·10�3

, (6)

where a⌧µ = (516.2±3.6)⇥10�10 [25] and a

ee
µ = (507.14±

2.58)⇥ 10�10 [26] are the values of ahad,LOµ [⇡⇡] extracted
from ⌧ and e

+
e

� data. The ⇠ 2� tension with the
SM reflects the well-known disagreement between both
datasets [26].2. In order to estimate the factor multiply-
ing ✏T in Eq. (6), we have (i) assumed that the propor-
tionality of the tensor and vector form factors, which is
exact in the elastic region [28, 29], holds in the dominant
⇢ resonance region (as is the case within the resonance
chiral theory framework [30]); (ii) used the lattice QCD
result of Ref. [31] for the ⇡⇡ tensor form factor at zero
momentum transfer (see also Refs. [32, 33]).
The constraint above can be strengthened by directly

looking at the s-dependence of the spectral functions (in-
stead of the aµ integral), which would also allow us to dis-
entangle the vector and tensor interactions.3 Moreover,
the a

⌧,ee
µ uncertainties include a scaling factor due to in-

ternal inconsistencies of the various datasets [26], which
hopefully will decrease in the future. In fact, new analy-
ses of the ⇡⇡ channel are expected from CMD3, BABAR,
and possibly Belle-2 [26, 27]. All in all, we can expect a
significant improvement in precision with respect to the
result in Eq. (6) in the near future.

As recently pointed out in Ref. [12], a third exclusive
channel that can provide useful information is ⌧ ! ⌘⇡⌫⌧ ,
since the non-standard scalar contribution is enhanced
with respect to the (very suppressed) SM one. Because
of this, one can obtain a nontrivial constraint on ✏

⌧
S even

though both SM and NP contributions are hard to pre-
dict with high accuracy. Using the latest experimental
results for the branching ratio [16, 34] and a very con-
servative estimate for the theory errors [12, 35, 36] we
find

✏

⌧
S = (�6± 15)⇥ 10�3

, (7)

2 Recently Ref. [27] found aeeµ = 503.74 ± 1.96 using similar data
but a di↵erent averaging method than Ref. [25]. This increases
to 3� the tension between a⌧µ and aeeµ

3 Useful angular and kinematic distributions including NP e↵ects
were recently derived in Ref. [29].

B0 ≡
m2

π

mu + md
≈ 11mτ

Γ(τ → πν) =
V2

ud f 2
π±(m2

τ − m2
π±)2

32πmτv4 [1 + 2ϵτ
L − 2ϵe

L − 2ϵτ
R − 2ϵe

R −
2m2

π±

mτ(mu + md)
ϵτ

P]
Lattice error dominates total uncertainty

Chiral enhancement makes it a perfect probe of pseudo-scalar interactions, 
 but dependence on axial interaction should not be neglected either

τ → π η ν :

2

where ✏

e
L,R parametrize electron couplings to the first

generation quarks and are defined in analogy to their tau
counterparts. They a↵ect the GFVud value obtained in
nuclear � decays [15], which is needed in the analysis of
hadronic tau decays. The correlation matrix associated
to Eq. (2) is

⇢ =

0

BBB@

1 0.88 0 �0.57 �0.94
1 0 �0.86 �0.94

1 0 0
1 0.66

1

1

CCCA
. (3)

Below we summarize how Eqs. (2)-(3) were derived.

I. EXCLUSIVE DECAYS

The ⌧ ! ⇡⌫⌧ channel [16] gives the following 68% CL
constraint:

✏

⌧
L � ✏

e
L � ✏

⌧
R � ✏

e
R � B0

m⌧
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where B0 = m

2
⇡/(mu + md). We included the SM ra-

diative corrections [17–19] and the latest lattice aver-
age for the pion decay constant, f⇡± = 130.2(8) MeV
(Nf = 2 + 1) [20], from Refs. [21–23]. We stress that
the lattice determinations of f⇡± are a crucial input to
search for NP in this channel, and despite its impres-
sive precision, it represents the dominant source of er-
ror in Eq. (4), followed by the experimental error (2.4
times smaller), and the radiative corrections uncertainty.
Because of this, significant improvement in the bound
above can be expected in the near future. Alternatively,
as often seen in the literature [1], one can obtain tighter
constraints on the e↵ective theory parameters by con-
sidering “theoretically clean” ratios of observables where
the f⇡ dependence cancels out. For example, from the
ratio �(⌧ ! ⇡⌫)/�(⇡ ! µ⌫) one can deduce
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This and similar constraints are not included in Eq. (2),
which only summarizes the input from hadronic tau de-
cays without using any meson decay observables. In-
stead, we later combine Eq. (2) with the results of
Ref. [24], which derived a likelihood for the e↵ective the-
ory parameters based on a global analysis of pion and
kaon decays. The combination e↵ectively includes con-
straints from �(⌧ ! ⇡⌫)/�(⇡ ! `⌫), once correlations
due to the common f⇡ uncertainty are properly taken
into account.

The ⌧ ! ⇡⇡⌫⌧ channel, which is sensitive to vector and
tensor interactions, is much more complicated to predict
within QCD in a model-independent way. However, a
stringent constraint can be obtained through the compar-
ison of the spectral functions extracted from ⌧ ! ⇡⇡⌫⌧

and its isospin-rotated process e

+
e

� ! ⇡

+
⇡

�, after

the proper inclusion of isospin-symmetry-breaking cor-
rections. The crucial point here is that heavy NP e↵ects
(associated with the scale ⇤) can be entirely neglected
in e

+
e

� ! ⇡

+
⇡

� at energy
p
s ⌧ ⇤ due to the electro-

magnetic nature of this process. We can benefit from past
studies that exploited this isospin relation to extract from
data the ⇡⇡ component of the lowest-order hadronic vac-
uum polarization contribution to the muon g�2, usually
denoted by a

had,LO
µ [⇡⇡], through a dispersion integral.

Such approach assumes implicitly the absence of NP ef-
fects, which however may contribute to the extraction
from tau data. In this way we find a sub-percent level
sensitivity to NP e↵ects:
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where a⌧µ = (516.2±3.6)⇥10�10 [25] and a
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µ = (507.14±

2.58)⇥ 10�10 [26] are the values of ahad,LOµ [⇡⇡] extracted
from ⌧ and e

+
e

� data. The ⇠ 2� tension with the
SM reflects the well-known disagreement between both
datasets [26].2. In order to estimate the factor multiply-
ing ✏T in Eq. (6), we have (i) assumed that the propor-
tionality of the tensor and vector form factors, which is
exact in the elastic region [28, 29], holds in the dominant
⇢ resonance region (as is the case within the resonance
chiral theory framework [30]); (ii) used the lattice QCD
result of Ref. [31] for the ⇡⇡ tensor form factor at zero
momentum transfer (see also Refs. [32, 33]).
The constraint above can be strengthened by directly

looking at the s-dependence of the spectral functions (in-
stead of the aµ integral), which would also allow us to dis-
entangle the vector and tensor interactions.3 Moreover,
the a

⌧,ee
µ uncertainties include a scaling factor due to in-

ternal inconsistencies of the various datasets [26], which
hopefully will decrease in the future. In fact, new analy-
ses of the ⇡⇡ channel are expected from CMD3, BABAR,
and possibly Belle-2 [26, 27]. All in all, we can expect a
significant improvement in precision with respect to the
result in Eq. (6) in the near future.

As recently pointed out in Ref. [12], a third exclusive
channel that can provide useful information is ⌧ ! ⌘⇡⌫⌧ ,
since the non-standard scalar contribution is enhanced
with respect to the (very suppressed) SM one. Because
of this, one can obtain a nontrivial constraint on ✏

⌧
S even

though both SM and NP contributions are hard to pre-
dict with high accuracy. Using the latest experimental
results for the branching ratio [16, 34] and a very con-
servative estimate for the theory errors [12, 35, 36] we
find

✏

⌧
S = (�6± 15)⇥ 10�3

, (7)

2 Recently Ref. [27] found aeeµ = 503.74 ± 1.96 using similar data
but a di↵erent averaging method than Ref. [25]. This increases
to 3� the tension between a⌧µ and aeeµ

3 Useful angular and kinematic distributions including NP e↵ects
were recently derived in Ref. [29].
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which will significantly improve if theory or experimen-
tal uncertainties can be reduced. The latter will certainly
happen with the arrival of Belle-II, which is actually ex-
pected to provide the first measurement of the SM con-
tribution to this channel [37] (see also Ref. [38] for Belle
results). This is the only probe in this work with a sig-
nificant sensitivity (via O(✏2S) e↵ects) to the imaginary
part of ✏i coe�cients. Including the latter does not a↵ect
the bound in Eq. (7) though.

II. INCLUSIVE DECAYS

Summing over certain sets of decay channels one ob-
tains the so-called inclusive vector (axial) spectral func-
tions ⇢V (A), which are nothing but the sum of the
hadronic invariant mass distributions up to some con-
stants and kinematic factors [1, 2]. In the SM they are
proportional to the imaginary parts of the associated V V

(AA) two-point correlation functions, ⇧V V (AA)(s), but
these relations are modified by NP e↵ects [39, 40]. Thus,
one could directly use the latest measurements of these
spectral functions to constrain such e↵ects if we had a
precise theoretical knowledge of their QCD prediction.
However, perturbative QCD is known not to be valid atp
s < 1GeV, especially in the Minkowskian axis, where

the spectral function lies. Nevertheless, one can make
precise theoretical predictions for integrated quantities
exploiting the well-known analiticity properties of QCD
correlators [3]. Here we extend the traditional approach
to include also NP e↵ects, finding [39, 40]

Z s0

4m2
⇡

ds

s0
!

✓
s

s0

◆
⇢

exp
V±A(s) ⇡ (1 + 2✏V )XV V

± (1 + 2✏A)

✓
XAA � f

2
⇡

s0
!

✓
m

2
⇡

s0

◆◆
+ ✏

⌧
T XV T , (8)

where !(x) is a generic analytic function and ⇢

exp
V±A(s)

is the sum/di↵erence of the vector and axial spectral
functions, extracted experimentally under SM assump-
tions [2, 25]. We also introduced the couplings ✏V/A ⌘
✏

⌧
L±R � ✏

e
L+R. Last, the contributions XV V/AA and XV T

can be calculated via the Operator Product Expansion,
as discussed in Appendix A. Eq. (8) shows how the agree-
ment between precise SM predictions (RHS) and exper-
imental results (LHS) for inclusive decays can be trans-
lated into strong NP constraints.

In the V +A channel, we find two clean NP constraints
using !(x) = (1�x)2(1+2x), which gives the total non-
strange BR, and with !(x) = 1. They provide respec-
tively

✏
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e
L+R � 0.78✏⌧R + 1.71✏⌧T = (4±16) · 10�3

, (9)
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e
L+R � 0.89✏⌧R + 0.90✏⌧T =(8.5±8.5)·10�3

. (10)

The uncertainty in Eq. (9) comes mainly from the non-
perturbative corrections, whereas that of Eq. (10) is dom-
inated by experimental and Duality Violations (DV) un-
certainties (see Appendix A).

In the V � A channel, where the perturbative contri-
bution is absent, two strong constraints can be obtained
using !(x) = 1� x and !(x) = (1� x)2:
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. (12)

DV dominate uncertainties for the first constraint, while
experimental and f⇡ uncertainties dominates the latter
one. This constraint could be improved with more
precise data and f⇡ calculations, but at some point DV,
much more di�cult to control, would become the leading
uncertainty. The non-neglibible correlations between
the various NP constraints derived above (due to f⇡ and
experimental correlations) have been taken into account
in Eq. (2).

III. ELECTROWEAK PRECISION DATA

If NP is coming from dynamics at ⇤ � mZ and
electroweak symmetry breaking is linearly realized, then
the relevant e↵ective theory at E & mZ is the so-
called SMEFT, which has the same local symmetry and
field content as the SM, however the Lagrangian con-
tains higher-dimensional operators encoding NP e↵ects
[13, 41]. The SMEFT framework allows one to com-
bine in a model-independent way constraints from low-
energy measurements with those from Electroweak Pre-
cision Observables (EWPO) and LHC searches. More-
over, once the SMEFT is matched to concrete UV mod-
els at the scale ⇤, one can e�ciently constrain masses
and couplings of NP particles. The dictionary between
low-energy parameters in Eq. (1) and Wilson coe�cients
in the Higgs basis [42, 43] is
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where we approximated VCKM ⇡ 1 in these O(⇤�2)
terms. �g

Wf
L/R are corrections to the SM Wff

0 vertex
and ci are 4-fermion interactions with di↵erent helicity
structures; see Appendix B for their precise definitions.
Note that ✏

`
R is lepton-universal in the SMEFT, up to

dim-8 corrections [13, 44]. We perform this matching at
µ = MZ , after taking into account the QED and QCD
running of the low-energy coe�cients ✏i up to the elec-
troweak (EW) scale [45]. Electroweak and QCD running
to/from 1 TeV is also carried out in the comparison with
LHC bounds below.
Our results are particularly relevant for constraining

lepton universality (LU) violation. To illustrate this

Example #2: hadronic tau decays

The last ingredient is inclusive vector and axial spectral functions
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where !(x) is a generic analytic function and ⇢

exp
V±A(s)

is the sum/di↵erence of the vector and axial spectral
functions, extracted experimentally under SM assump-
tions [2, 25]. We also introduced the couplings ✏V/A ⌘
✏

⌧
L±R � ✏

e
L+R. Last, the contributions XV V/AA and XV T

can be calculated via the Operator Product Expansion,
as discussed in Appendix A. Eq. (8) shows how the agree-
ment between precise SM predictions (RHS) and exper-
imental results (LHS) for inclusive decays can be trans-
lated into strong NP constraints.

In the V +A channel, we find two clean NP constraints
using !(x) = (1�x)2(1+2x), which gives the total non-
strange BR, and with !(x) = 1. They provide respec-
tively

✏

⌧
L+R � ✏

e
L+R � 0.78✏⌧R + 1.71✏⌧T = (4±16) · 10�3

, (9)

✏

⌧
L+R � ✏

e
L+R � 0.89✏⌧R + 0.90✏⌧T =(8.5±8.5)·10�3

. (10)

The uncertainty in Eq. (9) comes mainly from the non-
perturbative corrections, whereas that of Eq. (10) is dom-
inated by experimental and Duality Violations (DV) un-
certainties (see Appendix A).

In the V � A channel, where the perturbative contri-
bution is absent, two strong constraints can be obtained
using !(x) = 1� x and !(x) = (1� x)2:

✏

⌧
L+R � ✏

e
L+R + 3.1✏⌧R + 8.1✏⌧T = (5.0± 50) · 10�3

, (11)

✏

⌧
L+R � ✏

e
L+R + 1.9✏⌧R + 8.0✏⌧T = (10± 10) · 10�3

. (12)

DV dominate uncertainties for the first constraint, while
experimental and f⇡ uncertainties dominates the latter
one. This constraint could be improved with more
precise data and f⇡ calculations, but at some point DV,
much more di�cult to control, would become the leading
uncertainty. The non-neglibible correlations between
the various NP constraints derived above (due to f⇡ and
experimental correlations) have been taken into account
in Eq. (2).

III. ELECTROWEAK PRECISION DATA

If NP is coming from dynamics at ⇤ � mZ and
electroweak symmetry breaking is linearly realized, then
the relevant e↵ective theory at E & mZ is the so-
called SMEFT, which has the same local symmetry and
field content as the SM, however the Lagrangian con-
tains higher-dimensional operators encoding NP e↵ects
[13, 41]. The SMEFT framework allows one to com-
bine in a model-independent way constraints from low-
energy measurements with those from Electroweak Pre-
cision Observables (EWPO) and LHC searches. More-
over, once the SMEFT is matched to concrete UV mod-
els at the scale ⇤, one can e�ciently constrain masses
and couplings of NP particles. The dictionary between
low-energy parameters in Eq. (1) and Wilson coe�cients
in the Higgs basis [42, 43] is

✏

⌧
L � ✏

e
L = �g

W⌧
L � �g

We
L � [c(3)`q ]⌧⌧11 + [c(3)`q ]ee11 ,

✏

⌧
R = �g

Wq1
R ,

✏

⌧
S,P = �1

2
[clequ ± cledq]

⇤
⌧⌧11 ,

✏

⌧
T = �1

2
[c(3)lequ]

⇤
⌧⌧11 , (13)

where we approximated VCKM ⇡ 1 in these O(⇤�2)
terms. �g

Wf
L/R are corrections to the SM Wff

0 vertex
and ci are 4-fermion interactions with di↵erent helicity
structures; see Appendix B for their precise definitions.
Note that ✏

`
R is lepton-universal in the SMEFT, up to

dim-8 corrections [13, 44]. We perform this matching at
µ = MZ , after taking into account the QED and QCD
running of the low-energy coe�cients ✏i up to the elec-
troweak (EW) scale [45]. Electroweak and QCD running
to/from 1 TeV is also carried out in the comparison with
LHC bounds below.
Our results are particularly relevant for constraining

lepton universality (LU) violation. To illustrate this

Calculated using OPE
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We analyze the sensitivity of hadronic ⌧ decays to non-standard interactions within the model-
independent framework of the Standard Model E↵ective Field Theory (SMEFT). Both exclusive
and inclusive decays are studied, using the latest lattice data and QCD dispersion relations. We
show that there are enough theoretically clean channels to disentangle all the e↵ective couplings
contributing to these decays, with the ⌧ ! ⇡⇡⌫⌧ channel representing an unexpected powerful New
Physics probe. We find that the ratios of non-standard couplings to the Fermi constant are bound
at the sub-percent level. These bounds are complementary to the ones from electroweak precision
observables and pp ! ⌧⌫⌧ measurements at the LHC. The combination of ⌧ decay and LHC data
puts tighter constraints on lepton universality violation in the gauge boson-lepton vertex corrections.

Hadronic tau decays have been extensively used in the
last decades to learn about fundamental physics [1, 2].
The inclusive decays are used to accurately extract fun-
damental Standard Model (SM) parameters such as the
strong coupling constant [3–5], the strange quark mass
or the Vus entry of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix [6, 7]. They represent also a valuable
QCD laboratory, where chiral parameters or properties
of the QCD vacuum can be extracted with high preci-
sion in a model-independent fashion through dispersion
relations [8, 9]. On the other hand, exclusive hadronic
tau decays are much harder to predict within QCD with
high accuracy and they are thus useful to learn about
hadronic physics. The only exceptions are the two-body
decays ⌧ ! ⇡⌫⌧ ,K⌫⌧ , thanks to the precise lattice cal-
culations of the pion and kaon decay constants [10].

The agreement between the above-mentioned determi-
nations of SM and QCD parameters with determinations
using other processes represent a non-trivial achievement,
which is only possible thanks to the impressive e↵ort car-
ried out in several fronts: experimental, lattice and ana-
lytical QCD methods. Needless to say, this agreement is
easily spoiled if non-standard e↵ects are present. How-
ever, the use of hadronic tau decays as New Physics (NP)
probes has been marginal so far (see e.g. Refs. [11, 12]),
with the exception once again of the simple ⌧ ! ⇡⌫⌧ ,K⌫⌧

channels. The goal of this letter is to amend this situa-
tion presenting an unprecedented comprehensive analysis
of the NP reach of hadronic tau decays.

We focus for sake of definiteness on the non-strange
decays, which are governed by the following low-energy

e↵ective Lagrangian [13] 1

Le↵ = �GFVudp
2

"⇣
1 + ✏

⌧
L

⌘
⌧̄ �µ(1� �5)⌫⌧ · ū�µ(1� �5)d

+✏

⌧
R ⌧̄ �µ(1� �5)⌫⌧ · ū�µ(1 + �5)d

+ ⌧̄(1� �5)⌫⌧ · ū
h
✏

⌧
S � ✏

⌧
P �5

i
d

+✏

⌧
T ⌧̄�µ⌫(1� �5)⌫⌧ · ū�µ⌫(1� �5)d

#
+ h.c., (1)

where we use �µ⌫ = i [�µ
, �

⌫ ]/2 and GF is the Fermi con-
stant. The only assumptions are Lorentz and U(1)em ⇥
SU(3)C invariance, and the absence of light nonstandard
particles. In practice we also assume that the subleading
derivative terms in the EFT expansion (suppressed by
m⌧/mW ) are indeed negligible. The Wilson coe�cients
✏i parametrize non-standard contributions, and they van-
ish in the SM leaving the V � A structure generated by
the exchange of aW boson. The nonstandard coe�cients
✏i can be complex, but the sensitivity of the observables
considered in this work to the imaginary parts of the
coe�cients is very small. Thus, the results hereafter im-
plicitly refer to the real parts of ✏i.
Through a combination of inclusive and exclusive ⌧

decays, we are able to constrain all the Wilson coe�cients
in Eq. (1) – this is the main result of this paper. In the
MS scheme at scale µ = 2 GeV we find the following
central values and 1� uncertainties:

0

BBB@

✏

⌧
L�✏

e
L+✏

⌧
R�✏

e
R

✏

⌧
R
✏

⌧
S
✏

⌧
P
✏

⌧
T

1

CCCA
=

0

BBB@

1.0± 1.1
0.2± 1.3
�0.6± 1.5
0.5± 1.2

�0.04± 0.46

1

CCCA
· 10�2

, (2)

1 We have not included right-handed (and wrong-flavor) neutrino
fields [14], which in any case do not interfere with the SM am-
plitude and thus contribute at O(✏2i ) to the observables.
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We analyze the sensitivity of hadronic ⌧ decays to non-standard interactions within the model-
independent framework of the Standard Model E↵ective Field Theory (SMEFT). Both exclusive
and inclusive decays are studied, using the latest lattice data and QCD dispersion relations. We
show that there are enough theoretically clean channels to disentangle all the e↵ective couplings
contributing to these decays, with the ⌧ ! ⇡⇡⌫⌧ channel representing an unexpected powerful New
Physics probe. We find that the ratios of non-standard couplings to the Fermi constant are bound
at the sub-percent level. These bounds are complementary to the ones from electroweak precision
observables and pp ! ⌧⌫⌧ measurements at the LHC. The combination of ⌧ decay and LHC data
puts tighter constraints on lepton universality violation in the gauge boson-lepton vertex corrections.

Hadronic tau decays have been extensively used in the
last decades to learn about fundamental physics [1, 2].
The inclusive decays are used to accurately extract fun-
damental Standard Model (SM) parameters such as the
strong coupling constant [3–5], the strange quark mass
or the Vus entry of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix [6, 7]. They represent also a valuable
QCD laboratory, where chiral parameters or properties
of the QCD vacuum can be extracted with high preci-
sion in a model-independent fashion through dispersion
relations [8, 9]. On the other hand, exclusive hadronic
tau decays are much harder to predict within QCD with
high accuracy and they are thus useful to learn about
hadronic physics. The only exceptions are the two-body
decays ⌧ ! ⇡⌫⌧ ,K⌫⌧ , thanks to the precise lattice cal-
culations of the pion and kaon decay constants [10].

The agreement between the above-mentioned determi-
nations of SM and QCD parameters with determinations
using other processes represent a non-trivial achievement,
which is only possible thanks to the impressive e↵ort car-
ried out in several fronts: experimental, lattice and ana-
lytical QCD methods. Needless to say, this agreement is
easily spoiled if non-standard e↵ects are present. How-
ever, the use of hadronic tau decays as New Physics (NP)
probes has been marginal so far (see e.g. Refs. [11, 12]),
with the exception once again of the simple ⌧ ! ⇡⌫⌧ ,K⌫⌧

channels. The goal of this letter is to amend this situa-
tion presenting an unprecedented comprehensive analysis
of the NP reach of hadronic tau decays.

We focus for sake of definiteness on the non-strange
decays, which are governed by the following low-energy

e↵ective Lagrangian [13] 1

Le↵ = �GFVudp
2

"⇣
1 + ✏

⌧
L

⌘
⌧̄ �µ(1� �5)⌫⌧ · ū�µ(1� �5)d

+✏

⌧
R ⌧̄ �µ(1� �5)⌫⌧ · ū�µ(1 + �5)d

+ ⌧̄(1� �5)⌫⌧ · ū
h
✏

⌧
S � ✏

⌧
P �5

i
d

+✏

⌧
T ⌧̄�µ⌫(1� �5)⌫⌧ · ū�µ⌫(1� �5)d

#
+ h.c., (1)

where we use �µ⌫ = i [�µ
, �

⌫ ]/2 and GF is the Fermi con-
stant. The only assumptions are Lorentz and U(1)em ⇥
SU(3)C invariance, and the absence of light nonstandard
particles. In practice we also assume that the subleading
derivative terms in the EFT expansion (suppressed by
m⌧/mW ) are indeed negligible. The Wilson coe�cients
✏i parametrize non-standard contributions, and they van-
ish in the SM leaving the V � A structure generated by
the exchange of aW boson. The nonstandard coe�cients
✏i can be complex, but the sensitivity of the observables
considered in this work to the imaginary parts of the
coe�cients is very small. Thus, the results hereafter im-
plicitly refer to the real parts of ✏i.
Through a combination of inclusive and exclusive ⌧

decays, we are able to constrain all the Wilson coe�cients
in Eq. (1) – this is the main result of this paper. In the
MS scheme at scale µ = 2 GeV we find the following
central values and 1� uncertainties:

0

BBB@

✏

⌧
L�✏

e
L+✏

⌧
R�✏

e
R

✏

⌧
R
✏

⌧
S
✏

⌧
P
✏

⌧
T

1

CCCA
=

0

BBB@

1.0± 1.1
0.2± 1.3
�0.6± 1.5
0.5± 1.2

�0.04± 0.46

1

CCCA
· 10�2

, (2)

1 We have not included right-handed (and wrong-flavor) neutrino
fields [14], which in any case do not interfere with the SM am-
plitude and thus contribute at O(✏2i ) to the observables.
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ℒWEFT ⊃

2

where ✏

e
L,R parametrize electron couplings to the first

generation quarks and are defined in analogy to their tau
counterparts. They a↵ect the GFVud value obtained in
nuclear � decays [15], which is needed in the analysis of
hadronic tau decays. The correlation matrix associated
to Eq. (2) is

⇢ =

0

BBB@

1 0.88 0 �0.57 �0.94
1 0 �0.86 �0.94

1 0 0
1 0.66

1

1

CCCA
. (3)

Below we summarize how Eqs. (2)-(3) were derived.

I. EXCLUSIVE DECAYS

The ⌧ ! ⇡⌫⌧ channel [16] gives the following 68% CL
constraint:

✏

⌧
L � ✏

e
L � ✏

⌧
R � ✏

e
R � B0

m⌧
✏

⌧
P = (�1.5± 6.7) · 10�3

, (4)

where B0 = m

2
⇡/(mu + md). We included the SM ra-

diative corrections [17–19] and the latest lattice aver-
age for the pion decay constant, f⇡± = 130.2(8) MeV
(Nf = 2 + 1) [20], from Refs. [21–23]. We stress that
the lattice determinations of f⇡± are a crucial input to
search for NP in this channel, and despite its impres-
sive precision, it represents the dominant source of er-
ror in Eq. (4), followed by the experimental error (2.4
times smaller), and the radiative corrections uncertainty.
Because of this, significant improvement in the bound
above can be expected in the near future. Alternatively,
as often seen in the literature [1], one can obtain tighter
constraints on the e↵ective theory parameters by con-
sidering “theoretically clean” ratios of observables where
the f⇡ dependence cancels out. For example, from the
ratio �(⌧ ! ⇡⌫)/�(⇡ ! µ⌫) one can deduce

✏

⌧
L�✏

µ
L�✏

⌧
R+✏

µ
R�

B0

m⌧
✏

⌧
P+

B0

mµ
✏

µ
P = (�3.8±2.7)·10�3

. (5)

This and similar constraints are not included in Eq. (2),
which only summarizes the input from hadronic tau de-
cays without using any meson decay observables. In-
stead, we later combine Eq. (2) with the results of
Ref. [24], which derived a likelihood for the e↵ective the-
ory parameters based on a global analysis of pion and
kaon decays. The combination e↵ectively includes con-
straints from �(⌧ ! ⇡⌫)/�(⇡ ! `⌫), once correlations
due to the common f⇡ uncertainty are properly taken
into account.

The ⌧ ! ⇡⇡⌫⌧ channel, which is sensitive to vector and
tensor interactions, is much more complicated to predict
within QCD in a model-independent way. However, a
stringent constraint can be obtained through the compar-
ison of the spectral functions extracted from ⌧ ! ⇡⇡⌫⌧

and its isospin-rotated process e

+
e

� ! ⇡

+
⇡

�, after

the proper inclusion of isospin-symmetry-breaking cor-
rections. The crucial point here is that heavy NP e↵ects
(associated with the scale ⇤) can be entirely neglected
in e

+
e

� ! ⇡

+
⇡

� at energy
p
s ⌧ ⇤ due to the electro-

magnetic nature of this process. We can benefit from past
studies that exploited this isospin relation to extract from
data the ⇡⇡ component of the lowest-order hadronic vac-
uum polarization contribution to the muon g�2, usually
denoted by a

had,LO
µ [⇡⇡], through a dispersion integral.

Such approach assumes implicitly the absence of NP ef-
fects, which however may contribute to the extraction
from tau data. In this way we find a sub-percent level
sensitivity to NP e↵ects:

a

⌧
µ�a

ee
µ

2 aeeµ
=✏

⌧
L�✏

e
L+✏

⌧
R�✏

e
R +1.7 ✏⌧T =(8.9±4.4)·10�3

, (6)

where a⌧µ = (516.2±3.6)⇥10�10 [25] and a

ee
µ = (507.14±

2.58)⇥ 10�10 [26] are the values of ahad,LOµ [⇡⇡] extracted
from ⌧ and e

+
e

� data. The ⇠ 2� tension with the
SM reflects the well-known disagreement between both
datasets [26].2. In order to estimate the factor multiply-
ing ✏T in Eq. (6), we have (i) assumed that the propor-
tionality of the tensor and vector form factors, which is
exact in the elastic region [28, 29], holds in the dominant
⇢ resonance region (as is the case within the resonance
chiral theory framework [30]); (ii) used the lattice QCD
result of Ref. [31] for the ⇡⇡ tensor form factor at zero
momentum transfer (see also Refs. [32, 33]).
The constraint above can be strengthened by directly

looking at the s-dependence of the spectral functions (in-
stead of the aµ integral), which would also allow us to dis-
entangle the vector and tensor interactions.3 Moreover,
the a

⌧,ee
µ uncertainties include a scaling factor due to in-

ternal inconsistencies of the various datasets [26], which
hopefully will decrease in the future. In fact, new analy-
ses of the ⇡⇡ channel are expected from CMD3, BABAR,
and possibly Belle-2 [26, 27]. All in all, we can expect a
significant improvement in precision with respect to the
result in Eq. (6) in the near future.

As recently pointed out in Ref. [12], a third exclusive
channel that can provide useful information is ⌧ ! ⌘⇡⌫⌧ ,
since the non-standard scalar contribution is enhanced
with respect to the (very suppressed) SM one. Because
of this, one can obtain a nontrivial constraint on ✏

⌧
S even

though both SM and NP contributions are hard to pre-
dict with high accuracy. Using the latest experimental
results for the branching ratio [16, 34] and a very con-
servative estimate for the theory errors [12, 35, 36] we
find

✏

⌧
S = (�6± 15)⇥ 10�3

, (7)

2 Recently Ref. [27] found aeeµ = 503.74 ± 1.96 using similar data
but a di↵erent averaging method than Ref. [25]. This increases
to 3� the tension between a⌧µ and aeeµ

3 Useful angular and kinematic distributions including NP e↵ects
were recently derived in Ref. [29].

Percent level constraints on all 5 independent Lorentz structures 
in tau-hadronic charged currents !



Low-energy precision measurements
• APV and PVES, including deep inelastic PV scattering


• Pion decays


• Nuclear beta decays 


• Leptonic tau and muon decays 


• Moller scattering of electrons 


• Neutrino scattering on electron and nucleon targets 


• Trident muon production 


• Soon: coherent neutrino scattering, kaon decays, strange 
hadronic tau decays 



• WEFT should be directly matched to BSM models if new particles are 
fairly light, at or below the weak scale 


• However, most likely new particles are much heavier than that, more 
than a few TeV masses 


• Then at the weak scale WEFT has to be matched to another EFT, 
which has the same particle spectrum as the SM, and the full  
SU(3)xSU(2)xU(1) local symmetry broken only by the Higgs VEV


• This goes under the name of the SMEFT 


• SMEFT can be matched to specific BSM models (like Z’, or 
leptoquarks) at the scale Λ where new particles appear. Automated 
tools for this purpose are already on the market. 


• Global likelihood for the SMEFT Wilson coefficients can be readily 
translated into constraints on masses and couplings in specific models

WEFT vs SMEFT



SMEFT Lagrangian  expanded in inverse powers of Λ, equivalently in operator dimension D

ℒSMEFT = ℒSM +
1

ΛL
ℒD=5 +

1
Λ2

ℒD=6 +
1

Λ3
L

ℒD=7 +
1

Λ4
ℒD=8 + …

Known SM   
Lagrangian

Higher-dimensional 
SU(3)C x SU(2)L x U(1)Y invariant  
interactions added to the SM

1 TeV ≲ Λ ≲ ?

SMEFT

Dimensionful expansion parameter  
for B-L violating interactions

Dimensionful expansion parameter  
interpreted as the mass scale of new physics

ΛL ∼ 1015 GeV



SMEFT Lagrangian  expanded in inverse powers of Λ, equivalently in operator dimension D

ℒSMEFT = ℒSM +
1

Λ2
ℒD=6 +

1
Λ4

ℒD=8 + …

Known SM   
Lagrangian

Higher-dimensional 
SU(3)C x SU(2)L x U(1)Y invariant  
interactions added to the SM

1 TeV ≲ Λ ≲ ?

SMEFT

In the following for simplicity we set 

Buchmuller,Wyler 
 (1986)

Dimensionful expansion parameter  
interpreted as mass scale of new physics

ΛL → ∞

X

(so that all odd-dimension lepton-number violating operators vanish)
and moreover we ignore operators of dimension-8 and higher



This leads to non-trivial and often counter-intuitive relations between operators. For

example, by using equations of motion one can establish equivalence between purely

bosonic operators, and a linear combination of 2- and 4-fermionic operators! Thus,

starting from the set of all distinct D=6 operators that can be constructed from the

SM fields, a number of these operators will be redundant as they are equivalent to

linear combinations of other operators. The redundant operators can be removed to

simplify the EFT description, and to establish an unambiguous map from observables

to the EFT Wilson coe�cients. A minimal, non-redundant set of operators is called

a basis.

Yukawa

[O†
eH ]IJ H†HecIH

†`J

[O†
uH ]IJ H†HucI

eH†qJ

[O†
dH ]IJ H†HdcIH

†qJ

Vertex

[O(1)
H`]IJ i¯̀I �̄µ`JH† !DµH

[O(3)
H`]IJ i¯̀I�i�̄µ`JH†�i !DµH

[OHe]IJ iecI�µē
c
JH

† !DµH

[O(1)
Hq]IJ iq̄I �̄µqJH† !DµH

[O(3)
Hq]IJ iq̄I�i�̄µqJH†�i !DµH

[OHu]IJ iucI�µū
c
JH

† !DµH

[OHd]IJ idcI�µd̄
c
JH

† !DµH

[OHud]IJ iucI�µd̄
c
JH̃

†DµH

Dipole

[O†
eW ]IJ ecI�µ⌫H

†�i`JW i
µ⌫

[O†
eB]IJ ecI�µ⌫H

†`JBµ⌫

[O†
uG]IJ ucI�µ⌫T

a eH†qJ Ga
µ⌫

[O†
uW ]IJ ucI�µ⌫

eH†�iqJ W i
µ⌫

[O†
uB]IJ ucI�µ⌫

eH†qJ Bµ⌫

[O†
dG]IJ dcI�µ⌫T

aH†qJ Ga
µ⌫

[O†
dW ]IJ dcI�µ⌫H̄

†�iqJ W i
µ⌫

[O†
dB]IJ dcI�µ⌫H

†qJ Bµ⌫

Table 2.3: Two-fermion D=6 operators in the Warsaw basis. The flavor indices are
denoted by I, J . For complex operators (OHud and all Yukawa and dipole operators)
the corresponding complex conjugate operator is implicitly included.

Because of a humungous number of D=6 operators, and because establishing

equivalence between operators may be time consuming, identifying a basis is not a
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The fields Gz and G± do not correspond to new physical degrees of freedom (they

kinetically mix with the massive gauge bosons and can be gauged away). From now

on until Chapter 5 I will work in the unitary gauge and set G± = 0 = Gz. The

scalar field h corresponds to a scalar particle called the Higgs boson. Its mass can be

expressed by the parameters of the Higgs potential as

m2
h = 2µ2

H = 2�v2. (2.19)

2.2 Dimension-6 operators

Bosonic CP-even

OH (H†H)3

OH⇤ (H†H)⇤(H†H)

OHD

��H†DµH
��2

OHG H†H Ga
µ⌫G

a
µ⌫

OHW H†HW i
µ⌫W

i
µ⌫

OHB H†H Bµ⌫Bµ⌫

OHWB H†�iHW i
µ⌫Bµ⌫

OW ✏ijkW i
µ⌫W

j
⌫⇢W k

⇢µ

OG fabcGa
µ⌫G

b
⌫⇢G

c
⇢µ

Bosonic CP-odd

O
H eG H†H eGa

µ⌫G
a
µ⌫

O
HfW H†H fW i

µ⌫W
i
µ⌫

O
H eB H†H eBµ⌫Bµ⌫

O
HfWB

H†�iH fW i
µ⌫Bµ⌫

OfW ✏ijkfW i
µ⌫W

j
⌫⇢W k

⇢µ

O eG fabc eGa
µ⌫G

b
⌫⇢G

c
⇢µ

Table 2.2: Bosonic D=6 operators in the Warsaw basis.

We turn to discussing operators with canonical dimensions D=6 in Eq. (2.1).

Their importance for characterizing low-energy e↵ects of heavy particles has been

recognized long ago, see e.g. [21, 35]. More recently, advantages of using a complete

and non-redundant set of operators have been emphasized. The point is that seem-

ingly di↵erent higher-dimensional operators can have the same e↵ect on on-shell am-

plitudes of the SM particles. This is the case if the operators can be related by using

equations of motion, integration by parts, field redefinitions, or Fierz transformations.
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Dimension-6 operators

(R̄R)(R̄R)

Oee ⌘(ec�µēc)(ec�µēc)

Ouu ⌘(uc�µūc)(uc�µūc)

Odd ⌘(dc�µd̄c)(dc�µd̄c)

Oeu (ec�µēc)(uc�µūc)

Oed (ec�µēc)(dc�µd̄c)

Oud (uc�µūc)(dc�µd̄c)

O0
ud (uc�µT aūc)(dc�µT ad̄c)

(L̄L)(R̄R)

O`e (¯̀̄�µ`)(ec�µēc)

O`u (¯̀̄�µ`)(uc�µūc)

O`d (¯̀̄�µ`)(dc�µd̄c)

Oeq (ec�µēc)(q̄�̄µq)

Oqu (q̄�̄µq)(uc�µūc)

O0
qu (q̄�̄µT aq)(uc�µT aūc)

Oqd (q̄�̄µq)(dc�µd̄c)

O0
qd (q̄�̄µT aq)(dc�µT ad̄c)

(L̄L)(L̄L)

O`` ⌘(¯̀̄�µ`)(¯̀̄�µ`)

Oqq ⌘(q̄�̄µq)(q̄�̄µq)

O0
qq ⌘(q̄�̄µ�iq)(q̄�̄µ�iq)

O`q (¯̀̄�µ`)(q̄�̄µq)

O0
`q (¯̀̄�µ�i`)(q̄�̄µ�iq)

(L̄R)(L̄R)

Oquqd (ucqj)✏jk(dcqk)

O0
quqd (ucT aqj)✏jk(dcT aqk)

O`equ (ec`j)✏jk(ucqk)

O0
`equ (ec�̄µ⌫`j)✏jk(uc�̄µ⌫qk)

O`edq (¯̀̄ec)(dcq)

Table 2.4: Four-fermion D=6 operators in the Warsaw basis. Flavor indices are
suppressed here to reduce the clutter. The factor ⌘ is equal to 1/2 when all flavor
indices are equal (e.g. in [Oee]1111), and ⌘ = 1 otherwise. For each complex operator
the complex conjugate should be included.

be more easily linked to collider observables such as (di↵erential) cross sections and

decay widths.

Deriving collider predictions in an EFT with higher-dimensional operators involves

several subtleties that need to be taken into account.

• In the SM, the electroweak parameters gL, gY , v are customarily determined

from input observables: the electromagnetic coupling constant ↵, the Z boson

mass mZ , and the muon lifetime ⌧µ. In the presence of D=6 operators the

SM relations between the input observables and the Lagrangian parameters

can be distorted. For example, the bosonic operator OHD contributes to the
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Full set has 2499 distinct operators,  
including flavor structure and CP 

conjugates 

Enough fun for everyone :)
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More intuitive parametrization (Higgs basis)
Effect of dimension-6 operators: vertex corrections to Z and W boson interactions with fermions 

Not all vertex corrections are independent

In the following, 
parametrizing the relevant space of 
dimension-6 operators using 
the independent vertex corrections 
and coefficients of 4-fermion operators

Also, rescaling c→c 𝞚2/v2, 
so that dimension-6 operators in Lagrangian
 normalized by the scale 1/v2  

operators in the Warsaw basis:

�m = � g2Y
4(g2L � g2Y )


4gL
gY

cHWB +
g2L
g2Y

cHD + 2[c(3)H`]11 + 2[c(3)H`]22 � [c``]1221

�
, (2.30)

��3 = �1

�
cH + 3cH⇤ � 3

4
cHD +

1

4
[c``]1221 � 1

2
[c(3)H`]11 �

1

2
[c(3)H`]22,

��4 = �6

�
cH +

50

3
cH⇤ � 25

6
cHD +

1

2
[c``]1221 � [c(3)H`]11 � [c(3)H`]22,

��5 = � 3

4�
cH + 2cH⇤ � 1

2
cHD,

��6 = � 1

8�
cH +

1

3
cH⇤ � 1

12
cHD, (2.31)

�gW `
L = c(3)H` + f(1/2, 0)� f(�1/2,�1),

�gZ⌫
L =

1

2
c(3)H` �

1

2
c(1)H` + f(1/2, 0),

�gZe
L = �1

2
c(3)H` �

1

2
c(1)H` + f(�1/2,�1),

�gZe
R = �1

2
cHe + f(0,�1), (2.32)

�gWq
L =

⇣
c(3)Hq + f(1/2, 2/3)� f(�1/2,�1/3)

⌘
VCKM,

�gWq
R = �1

2
cHud,

�gZu
L =

1

2
c(3)Hq �

1

2
c(1)Hq + f(1/2, 2/3),

�gZd
L = �1

2
V †
CKMc

(3)
HqVCKM � 1

2
V †
CKMc

(1)
HqVCKM + f(�1/2,�1/3),

�gZu
R = �1

2
cHu + f(0, 2/3),

�gZd
R = �1

2
cHd + f(0,�1/3), (2.33)

22

where

f(T 3, Q) = �I3Q
gLgY

g2L � g2Y
cHWB (2.34)

+ I3

✓
1

4
[c``]1221 � 1

2
[c(3)H`]11 �

1

2
[c(3)H`]22 �

1

4
cHD

◆✓
T 3 +Q

g2Y
g2L � g2Y

◆
,

and I3 is the 3⇥ 3 identity matrix in the generation space.

For my precision analyses in the following chapters I will also need the terms in

the second line of Eq. (2.29). The Higgs couplings to matter are parametrized as:

Lh,matter =
h

v


(1 + �cw)

g2Lv
2

2
W+

µ W�
µ + (1 + �cz)

(g2L + g2Y )v
2

4
ZµZµ

�
X

f2u,d,e

X

IJ

p
mfImfJ

h⇣
�IJ + [�yf ]IJe

i�f
IJ

⌘
fIf

c
J + h.c.

i

+cww
g2L
2
W+

µ⌫W
�
µ⌫ + c̃ww

g2L
2
W+

µ⌫W̃
�
µ⌫ + cw⇤g

2
L

�
W�

µ @⌫W
+
µ⌫ + h.c.

�

+cgg
g2s
4
Ga

µ⌫G
a
µ⌫ + c��

e2

4
Aµ⌫Aµ⌫ + cz�

e
p

g2L + g2Y
2

Zµ⌫Aµ⌫ + czz
g2L + g2Y

4
Zµ⌫Zµ⌫

+cz⇤g
2
LZµ@⌫Zµ⌫ + c�⇤gLgYZµ@⌫Aµ⌫

+c̃gg
g2s
4
Ga

µ⌫G̃
a
µ⌫ + c̃��

e2

4
Aµ⌫Ãµ⌫ + c̃z�

e
p

g2L + g2Y
2

Zµ⌫Ãµ⌫ + c̃zz
g2L + g2Y

4
Zµ⌫Z̃µ⌫

#
,

(2.35)

where all the couplings are real, and �yf and �f are general 3⇥3 matrices. The triple

gauge couplings of electroweak gauge bosons are parametrized as

Ltgc = ie
�
W+

µ⌫W
�
µ �W�

µ⌫W
+
µ

�
A⌫ + igLc✓ (1 + �g1,z)

�
W+

µ⌫W
�
µ �W�

µ⌫W
+
µ

�
Z⌫

+ ie(1 + ��)Aµ⌫ W
+
µ W�

⌫ + igLc✓ (1 + �z)Zµ⌫ W
+
µ W�

⌫

+ ie(1 + ̃�)Ãµ⌫ W
+
µ W�

⌫ + igLc✓ (1 + ̃z)Zµ⌫ W
+
µ W�

⌫

+ i
��

m2
W

eW+
µ⌫W

�
⌫⇢A⇢µ + i

�z

m2
W

gLc✓W
+
µ⌫W

�
⌫⇢Z⇢µ + i

�̃�

m2
W

eW+
µ⌫W

�
⌫⇢Ã⇢µ + i

�̃z

m2
W

gLc✓W
+
µ⌫W

�
⌫⇢Z̃⇢µ

+ g3s
�g

v2
fabcGa

µ⌫G
b
⌫⇢G

c
⇢µ + g3s

�̃g

v2
fabcGa

µ⌫G
b
⌫⇢G̃

c
⇢µ, (2.36)
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Matching  WEFT to SMEFT

SM contribution
from Z exchange Effect of shifted 

Z couplings 
Trivial matching 

of 4-fermion operators

Chirality conserving (I, J = 1, 2, 3) Chirality violating (I, J = 1, 2, 3)

[Oℓq]IIJJ = (ℓ̄I σ̄µℓI)(q̄J σ̄µqJ) [Oℓequ]IIJJ = (ℓ̄jI ē
c
I)ϵjk(q̄

k
J ū

c
J)

[O(3)
ℓq ]IIJJ = (ℓ̄I σ̄µσiℓI)(q̄J σ̄µσiqJ) [O(3)

ℓequ]IIJJ = (ℓ̄jI σ̄µν ē
c
I)ϵjk(q̄

k
J σ̄µν ū

c
J)

[Oℓu]IIJJ = (ℓ̄I σ̄µℓI)(uc
Jσ

µūc
J) [Oℓedq]IIJJ = (ℓ̄jI ē

c
I)(d

c
Jq

j
J )

[Oℓd]IIJJ = (ℓ̄I σ̄µℓI)(dcJσ
µd̄cJ)

[Oeq]IIJJ = (ecIσµē
c
I)(q̄J σ̄

µqJ)
[Oeu]IIJJ = (ecIσµē

c
I)(u

c
Jσ

µūc
J)

[Oed]IIJJ = (ecIσµē
c
I)(d

c
Jσ

µd̄cJ)

Table 1: Flavor-conserving 2-lepton-2-quark operators in the SMEFT Lagrangian of Eq. (2.1).

One flavor (I = 1, 2, 3) Two flavors (I < J = 1, 2, 3)

[Oℓℓ]IIII =
1
2(ℓ̄I σ̄µℓI)(ℓ̄I σ̄

µℓI) [Oℓℓ]IIJJ = (ℓ̄I σ̄µℓI)(ℓ̄J σ̄µℓJ)
[Oℓℓ]IJJI = (ℓ̄I σ̄µℓJ)(ℓ̄J σ̄µℓI)

[Oℓe]IIII = (ℓ̄I σ̄µℓI)(ecIσ
µēcI) [Oℓe]IIJJ = (ℓ̄I σ̄µℓI)(ecJσ

µēcJ)
[Oℓe]JJII = (ℓ̄J σ̄µℓJ)(ecIσ

µēcI)
[Oℓe]IJJI = (ℓ̄I σ̄µℓJ)(ecJσ

µēcI)
[Oee]IIII =

1
2(e

c
Iσµē

c
I)(e

c
Iσ

µēcI) [Oee]IIJJ = (ecIσµē
c
I)(e

c
Jσ

µēcJ)

Table 2: Flavor-conserving 4-lepton operators in the SMEFT Lagrangian of Eq. (2.1).
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One can match wEFT to SMEFT at 𝜇 = mZ to relate parameters of the 2 effective theories 

LwEFT �� 1

2v2

X

q=u,d

geqAV (ē �̄⇢e� ec�⇢ē
c)(q̄ �̄⇢q + qc�⇢q̄c)

� 1

2v2

X

q=u,d

geqV A(ē �̄⇢e+ ec�⇢ē
c)(q̄ �̄⇢q � qc�⇢q̄c)

SMEFT ⊂

geu
AV = −

1
2

+
4
3

s2
θ − (δgZu

L + δgZu
R ) +

3 − 8s2
θ

3 (δgZe
L − δgZe

R ) +
1
2 [c(3)

lq − clq − clu + ceq + ceu]1111
,

ged
AV =

1
2

−
2
3

s2
θ − (δgZd

L + δgZd
R ) −

3 − 4s2
θ

3 (δgZe
L − δgZe

R ) +
1
2 [−c(3)

lq − clq − cld + ceq + ced]1111

At the scale μ=mZ, WEFT and SMEFT Wilson coefficients can be related, e.g. : 

ℒWEFT ⊃
GF

2 ∑
q=u,d

geq
AV(ēγργ5e)(q̄γρq)

M. González-Alonso
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Matching  WEFT to SMEFT
At the scale μ=mZ, WEFT and SMEFT Wilson coefficients can be related, e.g. : 

3

which will significantly improve if theory or experimen-
tal uncertainties can be reduced. The latter will certainly
happen with the arrival of Belle-II, which is actually ex-
pected to provide the first measurement of the SM con-
tribution to this channel [37] (see also Ref. [38] for Belle
results). This is the only probe in this work with a sig-
nificant sensitivity (via O(✏2S) e↵ects) to the imaginary
part of ✏i coe�cients. Including the latter does not a↵ect
the bound in Eq. (7) though.

II. INCLUSIVE DECAYS

Summing over certain sets of decay channels one ob-
tains the so-called inclusive vector (axial) spectral func-
tions ⇢V (A), which are nothing but the sum of the
hadronic invariant mass distributions up to some con-
stants and kinematic factors [1, 2]. In the SM they are
proportional to the imaginary parts of the associated V V

(AA) two-point correlation functions, ⇧V V (AA)(s), but
these relations are modified by NP e↵ects [39, 40]. Thus,
one could directly use the latest measurements of these
spectral functions to constrain such e↵ects if we had a
precise theoretical knowledge of their QCD prediction.
However, perturbative QCD is known not to be valid atp
s < 1GeV, especially in the Minkowskian axis, where

the spectral function lies. Nevertheless, one can make
precise theoretical predictions for integrated quantities
exploiting the well-known analiticity properties of QCD
correlators [3]. Here we extend the traditional approach
to include also NP e↵ects, finding [39, 40]

Z s0

4m2
⇡

ds

s0
!

✓
s

s0

◆
⇢

exp
V±A(s) ⇡ (1 + 2✏V )XV V

± (1 + 2✏A)

✓
XAA � f

2
⇡

s0
!

✓
m

2
⇡

s0

◆◆
+ ✏

⌧
T XV T , (8)

where !(x) is a generic analytic function and ⇢

exp
V±A(s)

is the sum/di↵erence of the vector and axial spectral
functions, extracted experimentally under SM assump-
tions [2, 25]. We also introduced the couplings ✏V/A ⌘
✏

⌧
L±R � ✏

e
L+R. Last, the contributions XV V/AA and XV T

can be calculated via the Operator Product Expansion,
as discussed in Appendix A. Eq. (8) shows how the agree-
ment between precise SM predictions (RHS) and exper-
imental results (LHS) for inclusive decays can be trans-
lated into strong NP constraints.

In the V +A channel, we find two clean NP constraints
using !(x) = (1�x)2(1+2x), which gives the total non-
strange BR, and with !(x) = 1. They provide respec-
tively

✏

⌧
L+R � ✏

e
L+R � 0.78✏⌧R + 1.71✏⌧T = (4±16) · 10�3

, (9)

✏

⌧
L+R � ✏

e
L+R � 0.89✏⌧R + 0.90✏⌧T =(8.5±8.5)·10�3

. (10)

The uncertainty in Eq. (9) comes mainly from the non-
perturbative corrections, whereas that of Eq. (10) is dom-
inated by experimental and Duality Violations (DV) un-
certainties (see Appendix A).

In the V � A channel, where the perturbative contri-
bution is absent, two strong constraints can be obtained
using !(x) = 1� x and !(x) = (1� x)2:

✏

⌧
L+R � ✏

e
L+R + 3.1✏⌧R + 8.1✏⌧T = (5.0± 50) · 10�3

, (11)

✏

⌧
L+R � ✏

e
L+R + 1.9✏⌧R + 8.0✏⌧T = (10± 10) · 10�3

. (12)

DV dominate uncertainties for the first constraint, while
experimental and f⇡ uncertainties dominates the latter
one. This constraint could be improved with more
precise data and f⇡ calculations, but at some point DV,
much more di�cult to control, would become the leading
uncertainty. The non-neglibible correlations between
the various NP constraints derived above (due to f⇡ and
experimental correlations) have been taken into account
in Eq. (2).

III. ELECTROWEAK PRECISION DATA

If NP is coming from dynamics at ⇤ � mZ and
electroweak symmetry breaking is linearly realized, then
the relevant e↵ective theory at E & mZ is the so-
called SMEFT, which has the same local symmetry and
field content as the SM, however the Lagrangian con-
tains higher-dimensional operators encoding NP e↵ects
[13, 41]. The SMEFT framework allows one to com-
bine in a model-independent way constraints from low-
energy measurements with those from Electroweak Pre-
cision Observables (EWPO) and LHC searches. More-
over, once the SMEFT is matched to concrete UV mod-
els at the scale ⇤, one can e�ciently constrain masses
and couplings of NP particles. The dictionary between
low-energy parameters in Eq. (1) and Wilson coe�cients
in the Higgs basis [42, 43] is

✏

⌧
L � ✏

e
L = �g

W⌧
L � �g

We
L � [c(3)`q ]⌧⌧11 + [c(3)`q ]ee11 ,

✏

⌧
R = �g

Wq1
R ,

✏

⌧
S,P = �1

2
[clequ ± cledq]

⇤
⌧⌧11 ,

✏

⌧
T = �1

2
[c(3)lequ]

⇤
⌧⌧11 , (13)

where we approximated VCKM ⇡ 1 in these O(⇤�2)
terms. �g

Wf
L/R are corrections to the SM Wff

0 vertex
and ci are 4-fermion interactions with di↵erent helicity
structures; see Appendix B for their precise definitions.
Note that ✏

`
R is lepton-universal in the SMEFT, up to

dim-8 corrections [13, 44]. We perform this matching at
µ = MZ , after taking into account the QED and QCD
running of the low-energy coe�cients ✏i up to the elec-
troweak (EW) scale [45]. Electroweak and QCD running
to/from 1 TeV is also carried out in the comparison with
LHC bounds below.
Our results are particularly relevant for constraining

lepton universality (LU) violation. To illustrate this

Left-handed currents related  
to lepton-flavor non-universality

Right-handed currents are  
flavor universal in SMEFT-D=6 

Weighing in on lepton-flavor 
universality violation!
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Γ (W → τν)
Γ (W → eν)

Γ (τ → μνν)
Γ (μ → eνν)

Γ (τ → πν)
Γ (π → eν)

τ-inclusive (V-A) vs. β decay

τ-inclusive (V+A) vs. β decay

τ → ππν vs. e+e-→π+π-

τ → πν vs. β decay

This
w
ork

-0.06 -0.04 -0.02 0.00 0.02 0.04
δgL

Wτ-δgL
We

FIG. 1. Selected observables sensitive to the LU violation
of the W -boson couplings. For each observable we show the
best fit and 1� errors, assuming that �gW⌧

L � �gWe
L 6= 0 is the

only deformation of the SM Lagrangian. The blue band shows
the combined constraint on �gW⌧

L � �gWe
L from the hadronic

⌧ decay observables discussed in this letter, cf. Eq. (2).

point, in Fig. 1 we compare the di↵erent LEP and low-
energy observables that are directly sensitive to a di↵er-
ent coupling of the W boson with leptons of the first and
third generation, which we assume here to be the domi-
nant NP e↵ect. In fact, W ! `⌫ decays in LEP-2 display
a ⇠ 2� preference for LU violation [16, 46], corresponding
to the best fit �gW⌧

L � �g

We
L = 0.022(12). Combining the

information from the hadronic ⌧ decay observables dis-
cussed in this letter we find �g

W⌧
L � �g

We
L = 0.0062(32).

This is ⇠3.5 times more sensitive than the LEP-2 con-
straint, and competitive with other sensitive LU probes.
Much like W decays in LEP-2, the hadronic ⌧ decays also
display a ⇠ 2� preference for �gW⌧

L � �g

We
L > 0, mainly

due to the tension in Eq. (6).

One can do a more sophisticated analysis in the case
when all dimension-6 SMEFT operators are present si-
multaneously. As a matter of fact, Ref. [43] carried out
a flavor-general SMEFT fit to a long list of precision ob-
servables, which did not include however any observable
sensitive to qq⌧⌧ interactions. As a result, no bound was
obtained on the four-fermion Wilson coe�cients, [ci]⌧⌧11.

From Eq. (13), given that [c(3)`q ]ee11 and the vertex cor-
rections �g are independently constrained, hadronic tau

decays imply novel limits on these coe�cients. We find

2

664

c

(3)
lq

clequ

cledq

c

(3)
lequ

3

775

⌧⌧11

=

0

B@

1.2± 2.9
�0.2± 1.1
0.9± 1.1

�0.36± 0.93

1

CA⇥ 10�2 (14)

after marginalizing over the remaining SMEFT param-
eters. These are not only very strong but also unique
low-energy bounds. On the other hand Ref. [43] did ac-
cess the right-handed vertex correction: �gWq1

R = �(1.3±
1.7)⇥ 10�2, from neutron beta decay [24, 47]. Including
hadronic tau decays in the global fit improves this signif-
icantly: �gWq1

R = �(0.4± 1.0)⇥ 10�2.4

Coe�cient ATLAS ⌧⌫ ⌧ decays ⌧ and ⇡ decays

[c(3)`q ]⌧⌧11 [0.0, 1.6] [�12.6, 0.2] [�7.6, 2.1]
[c`equ]⌧⌧11 [�5.6, 5.6] [�8.4, 4.1] [�5.6, 2.3]
[c`edq]⌧⌧11 [�5.6, 5.6] [�3.5, 9.0] [�2.1, 5.8]

[c(3)`equ]⌧⌧11 [�3.3, 3.3] [�10.4,�0.2] [�8.6, 0.7]

TABLE I. 95% CL intervals (in 10�3 units) at µ = 1 TeV,
assuming one Wilson coe�cient is present at a time. The
third column uses Eq. (2), whereas the fourth one includes
also clean LU ratios such as �(⌧ ! ⇡⌫)/�(⇡ ! µ⌫).

IV. LHC BOUNDS

It is instructive to compare the NP sensitivity of
hadronic tau decays to that of the LHC. While the ex-
perimental precision is typically inferior for the LHC,
it probes much higher energies and may o↵er a better
reach for the Wilson coe�cients whose contribution to
observables is enhanced by E

2
/v

2. We focus on the high-
energy tail of the ⌧⌫ production. This process is sensitive

to the 4-fermion coe�cients [c(3)`q , c`equ, c`edq, c
(3)
`equ]⌧⌧11,

which also a↵ect tau decays. Other Wilson coe�cients
in Eq. (13) do not introduce energy-enhanced corrections
to the ⌧⌫ production, and can be safely neglected in this
analysis.5

In Table I we show our results based on a recast
of the transverse mass mT distribution of ⌧⌫ events inp
s = 13 TeV LHC collisions recently measured by AT-

LAS [50]. We estimated the impact of the Wilson co-
e�cients on the d�(pp ! ⌧⌫)/dmT cross section us-
ing the Madgraph[51]/Pythia 8 [52]/Delphes [53] sim-
ulation chain. We assign 30% systematic uncertainty to
that estimate, which roughly corresponds to the size of

4 A 50% stronger (weaker) bound on �gWq1
R is obtained using

the recent lattice determination of the axial charge in Ref. [48]
(Ref. [49]).

5 Other energy-enhanced operators do not interfere with the SM.
Thus, their inclusion would not change our analysis.

Cirigliano et al 
1809.01161 



Matching  WEFT to SMEFT
Running can be important in some case: where we neglect terms suppressed by Yukawa couplings [70, 71]. Integrating numerically the

coupled differential renormalization group equations we find

⎛

⎝

ϵdℓS
ϵdℓP
ϵdℓT

⎞

⎠

(µ = mZ)

=

⎛

⎝

0.58 1.42× 10−6 0.017
1.42× 10−6 0.58 0.017
1.53× 10−4 1.53× 10−4 1.21

⎞

⎠

⎛

⎝

ϵdℓS
ϵdℓP
ϵdℓT

⎞

⎠

(µ = 2 GeV)

, (2.19)

⎛

⎝

cledq
clequ
c(3)lequ

⎞

⎠

(µ = 1 TeV)

=

⎛

⎝

0.84 0 0
0 0.84 0.16
0 3.3× 10−3 1.04

⎞

⎠

⎛

⎝

cledq
clequ
c(3)lequ

⎞

⎠

(µ = mZ)

. (2.20)

These results use the QCD beta function and anomalous dimensions up to 3 loops, and we included
the bottom and top quark thresholds effects, see Ref. [67] for details. The diagonal entries would
change by ∼ 12% if just 1-loop QCD running were included, while two-loop results differ by only
∼ 1.5%. In our subsequent analysis we will use the numerical results in Eq. (2.19) and Eq. (2.20).

3 Low-energy experiments

3.1 Neutrino scattering

Neutrino scattering experiments measure the ratio of neutral- and charged-current neutrino or
anti-neutrino scattering cross sections on nuclei:

Rνi =
σ(νiN → νX)

σ(νiN → ℓ−i X)
, Rν̄i =

σ(ν̄iN → ν̄X)

σ(ν̄iN → ℓ+i X)
. (3.1)

At leading order and for isoscalar nucleus targets (equal number of protons and neutrons) one has
the so-called Llewellyn-Smith relations [72]:

Rνi = (gνiL )
2 + r(gνiR )

2, Rν̄i = (gνiL )
2 + r−1(gνiR )

2, (3.2)

where r is the ratio of ν to ν̄ charged-current cross sections on N that can be measured separately,
and the effective couplings gνiL/R are defined in Eq. (2.9). In some experiments the beam is a
mixture of neutrinos and anti-neutrinos, and the following ratio is measured

Rνiν̄i =
σ(νiN → νX) + σ(ν̄iN → ν̄X)

σ(νiN → ℓ−i X) + σ(ν̄iN → ℓ+i X)
= (gνiL )

2 + (gνiR )
2. (3.3)

νe data.- The CHARM experiment [73] made a measurement of electron-neutrino scattering
cross sections:

Rνeν̄e = 0.406+0.145
−0.135, (3.4)

where the uncertainties quoted here and everywhere else in this work are 1-sigma (68%C.L.) errors.
To avoid dealing with asymmetric errors we approximate it as Rνeν̄e = 0.41±0.14, and we estimate
the SM expectation as RSM

νeν̄e = 0.33. To our knowledge, this weakly constraining measurement is
currently the best probe of the electron-neutrino neutral-current interactions.
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Scalar and pseudoscalar coefficient evolve by almost a factor of two  
between low and high energy

Electromagnetic effects mix (pseudo)scalar couplings,  
which are often strongly constrained by experiment,  

with the tensor ones, which are often less constrained 

Gonzalez-Alonso et al
1706.00410 

for full set of anomalous dimensions see
Jenkins et al 1711.05270

for automated tool, see e.g.
DsixTools 1704.04504 
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Present



• The SMEFT fit also includes weak scale 
observables: W mass, W and Z decays, and 
electron-positron scattering at LEP, LEP-2 and 
TRISTAN. Higgs data can be easily added. 


• Global likelihood currently includes more than 300 
experimental inputs, simultaneously constraining 77 
linear combination of SMEFT Wilson coefficients


• Completely general flavor structure allowed


• Currently targets flavor conserving vertex 
corrections δg and 4-lepton operators,  as well as 
QQLL operators involving first generation quarks


• Others: for SMEFT fits to lepton-flavor violating 
observables see 1702.03020 


• Others: for SMEFT fits involving flavor changing 
operators with b-quarks see 1810.07698

Global likelihood SMEFT

Crivellin et al.  
1702.03020 

Aebischer et al.  
1810.07698 



Global constraints on SMEFT
SM parameter. Marginalizing over Ṽud we find the following constraints:
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(4.8)
The correlation matrix is available in the Mathematica notebook attached as a supplemental
material [56]. The complete Gaussian likelihood for the Wilson coefficients of dimension-6 SMEFT
operators at the scale µ = mZ can be reproduced from Eq. (4.8) and that correlation matrix. For
user’s convenience, in the notebook the likelihood is displayed ready-made for cut and paste, and
we also provide a translation to the Warsaw basis. That likelihood is relevant to constrain the
masses and couplings of any new physics model whose leading effects at the weak scale can be
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Constraints on 
scale suppressing 

these dimension-6 
operators between 
250 GeV and tens 
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Future



• Ongoing flavor physics program (nothing to add here)


• Tau program in BELLE-II in conjunction with lattice progress 


• Progress in nuclear beta decays, both on the experimental front, as 
well as on the theory side (gA, radiative corrections). New observables 
(e.g. forbidden decays )


• MOLLER experiment for Moller scattering 


• Coherent neutrino scattering just starting


• Astrophysical neutrinos as precision probes?


• Rich neutrino beam program, which could also be diverted into a 
precision program


• New experiments in atomic parity violation, and for parity-violating 
electron scattering planned in the near future

Future of low-energy precision measurements

Chang et al 
1805.12130

Seng et al 
1807.10197 

Canas et al 
1806.01310

Becker et al.  
1802.04759

Benesch et al.  
1411.4088

Willmann et al.  
CERN-INTC-2017-069 

Gonzalez-Alonso,  
1803.08732 
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Figure 2: Orange: projected 95% CL constraints on the wEFT parameters �g
⌫µ
L and

�g
⌫µ
R in Eq. (2.1) from neutrino scattering o↵ argon nuclei in DUNE ND, assuming the

measurement errors will be dominated by statistics. The dashed line shows the analogous

constraints assuming 0.1% systematic error on the Ri
⌫µN measurements. The green region

is allowed by the past ⌫-N scattering experiments [15].

Finally, it should be noted that in a year run in the neutrino mode, the intense neu-

trino source will provide approximately 108 total CC+NC neutrino interactions in a 100-t

near detector; and almost 0.4 times in the antineutrino mode. Hence, thanks to the ex-

tremely high rate of neutrino interactions, one expects the near detector to be systematics

dominated within the first year of the data taking.

In Section 5 we will use the results in Eqs. (3.5), (3.9) and (3.13) in Section 5 to

estimate the impact of the DUNE ND measurements on the global SMEFT fit 5. We note

5The 0.1 (1)% systematic errors mentioned in Figures 1 and 2 and Table 6 are the systematic errors in

the measurement of R defined in Eqs (3.3), (3.7) and (3.11). For the DUNE measurements we define

�2 =
X

⌫&⌫

�R2(
1

�2
�R

+
1

�2
sys

),

with �R’s and their errors defined in Eqs (3.5), (3.8-3.9) and (3.13-3.14). The main sources of systematic

uncertainties in DUNE will be on the beam flux normalization and detector performance. A careful study

on the e↵ect of di↵erent systematic uncertainties of DUNE in the measurement of the SM parameters is

necessary and will be done in a future publication [27].
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Example: DUNE potential for WEFT constraints
Well-known that DUNE should improve all important constraints on trident events channels probe the same wEFT coe�cient, we can define the following ratio:

Rµ ⌘ �(⌫µ ! ⌫µµ
�µ+) + �(⌫µ ! ⌫µµ

�µ+)

�(⌫µ ! ⌫µµ�µ+)
SM

+ �(⌫µ ! ⌫µµ�µ+)
SM

. (3.3)

For Rµ, the expected ⌫e contribution to the µ+µ� production is much smaller than the

statistical error of the measurement and can be safely neglected. In the following we assume

the measurement error for Rµ will be dominated by statistics, and that the central value

is given by the SM prediction. If that is the case, the numbers in Table 3 translate to the

following forecast:

Rµ = 1± 0.039, (3.4)

which in turn translate into the following measurement of the wEFT coe�cients

�0.039 < 2
g2222LL,SM�g2222LL +g2222LR,SM�g2222LR

(g2222LL,SM)

2
+(g2222LR,SM)

2 < 0.039. (3.5)

3.2 Neutrino scattering o↵ electrons

We turn to neutrino scattering on electrons. For the CC process ⌫µe� ! µ�⌫e the threshold

energy is m2

µ/2me ⇠ 10.9 GeV and therefore its rate is negligible in DUNE.4 We focus on

the NC processes ⌫µe� ! ⌫µe
� and ⌫µe

� ! ⌫µe
�. The total cross section can be expressed

in terms of the wEFT parameters as
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where s = 2meE⌫ is the center-of-mass energy squared of the collision, E⌫ is the incoming

neutrino energy in the lab frame, and me is the electron mass. Plugging the above cross
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modes. The total number of the scattering events predicted by the SM is given in Table 4,

where we also give the fractional contribution of ⌫µ and ⌫µ initiated processes, as well as

the contribution due to the electron neutrino contamination. Comparing the results of

Table 3 and Table 4 we note that the number of events for the neutrino-electron scattering

is larger than the one for trident, even though the cross sections are of the same order for

both. This is a consequence of the fact that the number of electron targets is O(103) times

larger than the number of nucleus targets.

We define the following observables which can be measured in DUNE:

Ri
⌫e ⌘

xi�⌫µe + xi�⌫µe

xi�SM

⌫µe + xi�SM

⌫µe

, (3.7)

4Even if this process were abundant in DUNE it would not probe new physics for the reasons explained

below Eq. (2.9).
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modes. The total number of the scattering events predicted by the SM is given in Table 4,

where we also give the fractional contribution of ⌫µ and ⌫µ initiated processes, as well as

the contribution due to the electron neutrino contamination. Comparing the results of

Table 3 and Table 4 we note that the number of events for the neutrino-electron scattering

is larger than the one for trident, even though the cross sections are of the same order for

both. This is a consequence of the fact that the number of electron targets is O(103) times

larger than the number of nucleus targets.
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forecast:

However, huge statistics collected in DUNE should allow one to improve constraints 
on other WEFT couplings, e.g. on neutrino couplings to electrons and to quarks



Example: future of atomic parity violation

�QW (225Ra) = 0.1376

Measurement of atomic parity violation in radium ions: Willmann et al.  
CERN-INTC-2017-069 

Measurement of hydrogen and carbon weak charges in MESA P2:

�QW (1H) = 0.001207 �QW(12C) = 0.01655

Becker et al.  
1802.04759

Measurement of deep-inelastic PVES scattering in SoLID: Zhao  
1701.02780

2geuAV � gedAV = �0.7193± 0.0276 2geuV A � gedV A = �0.0949± 0.0331 ⇢ = �0.9782

�geeAV = 0.0006

Measurement of parity violation in electron scattering in MOLLER: Benesch et al.  
1411.4088

Improved nuclear beta decays constraints 
on charged current interactions

Gonzalez-Alonso, Naviliat-Cuncic, Severijns  
1803.08732   Eq. (98) 



Future WEFT constraints from APV and PVES
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Projected 1-by-1 SMEFT constraints

Displaying Wilson coefficients for which projected
1-by-1 constraints are improved by at least a factor of two 

 Current and projected 1σ errors in units of 0.0001

Now MOLLER APV-Ra P2-H P2-C All
�gZu

R 7.4 ⇥ 2.1 2.8 4.1 1.6
�gZd

R 8.9 ⇥ 1.9 5.0 4.2 1.7

[c`q]1111 8.6 ⇥ 2.0 3.7 4.2 1.7
[c`u]1111 16 ⇥ 4.3 5.8 8.4 3.3
[c`d]1111 18 ⇥ 3.7 10 8.3 3.3
[ceq]1111 8.6 ⇥ 2.0 3.7 4.2 1.7
[ceu]1111 15 ⇥ 4.3 5.8 8.3 3.2
[ced]1111 18 ⇥ 3.7 10 8.3 3.3

[c``]1111 28 11 ⇥ ⇥ ⇥ 11
[cee]1111 28 11 ⇥ ⇥ ⇥ 11



Projected 1-by-1 SMEFT constraints
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Projected global constraints
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• Both rare decays and low-energy precision measurements will 
enjoy tremendous progress in the coming years  


• The latter explores heavy new physics at the rate  
Λ~(Precision)-1/2.


• Conveniently described in the model-independent language 
of WEFT, which can be matched to the SU(3)xSU(2)xU(1) 
invariant SMEFT, and then to specific BSM models 


• The EFT approach offers a good diagnostics for the utility of 
new observables and new experiments 


• Low-energy precision measurements may soon improve LEP-
era bounds on the Z couplings to matter, well before new Z-
pole facilities become available

Take-away



Fantastic Beasts and Where To Find Them
CMS 

Imaginary  

Λ

Thank  You



• In spite of poor O(10%) accuracy, currently LHC has similar 
sensitivity to chirality conserving eeqq 4-fermion operators as 
low-energy measurements with per-mille accuracy


• This happens because effects of 4-fermion operators on 
scattering amplitudes are enhanced by E^2/v^2,  where E is the 
center-of-mass energy of the parton collision. In this case, the 
superior energy reach of the LHC trumps the inferior accuracy 


• Note that the same is not true for the vertex correction 𝞭g. 
These SMEFT deformations are not energy enhanced, and 
therefore it will be difficult to improve the constraints on 𝞭g at 
the LHC. 

Comparing LHC and low-energy bounds



Comparing LHC and low-energy bounds

(ee)(qq)
[c(3)ℓq ]1111 [cℓq]1111 [cℓu]1111 [cℓd]1111 [ceq]1111 [ceu]1111 [ced]1111

Low-energy 0.45± 0.28 1.6± 1.0 2.8± 2.1 3.6± 2.0 −1.8± 1.1 −4.0± 2.0 −2.7± 2.0
LHC1.5 −0.70+0.66

−0.74 2.5+1.9
−2.5 2.9+2.4

−2.9 −1.6+3.4
−3.0 1.6+1.8

−2.2 1.6+2.5
−1.5 −3.1+3.6

−3.0

LHC1.0 −0.84+0.85
−0.92 3.6+3.6

−3.7 4.4+4.4
−4.7 −2.4+4.8

−4.7 2.4+3.0
−3.2 1.9+2.5

−1.9 −4.6+5.4
−4.1

LHC0.7 −1.0+1.4
−1.5 5.9± 7.2 7.4± 9.0 −3.6± 8.7 3.8± 5.9 2.1+3.8

−2.9 −8± 10

(µµ)(qq)
[c(3)ℓq ]2211 [cℓq]2211 [cℓu]2211 [cℓd]2211 [ceq]2211 [ceu]2211 [ced]2211

Low-energy −0.2± 1.2 4± 21 18± 19 −20± 37 40± 390 −20± 190 40± 390
LHC1.5 −1.22+0.62

−0.70 1.8± 1.3 2.0± 1.6 −1.1± 2.0 1.1± 1.2 2.5+1.8
−1.4 −2.2± 2.0

LHC1.0 −0.72+0.81
−0.87 3.2+4.0

−3.5 3.9+4.8
−4.4 −2.3+4.9

−4.7 2.3+3.1
−3.2 1.6+2.3

−1.8 −4.4± 5.3
LHC0.7 −0.7+1.3

−1.4 3.2+10.3
−4.8 4.3+12.5

−6.4 −3.6± 9.0 3.8± 6.2 1.6+3.4
−2.7 −8± 11

Chirality-violating operators (µ = 1 TeV)
[cℓequ]1111 [cℓedq]1111 [c(3)ℓequ]1111 [cℓequ]2211 [cℓedq]2211 [c(3)ℓequ]2211

Low-energy (−0.6± 2.4)10−4 (0.6± 2.4)10−4 (0.4± 1.4)10−3 0.014(49) −0.014(49) −0.09(29)
LHC1.5 0± 2.0 0± 2.6 0± 0.91 0± 1.2 0± 1.6 0± 0.56
LHC1.0 0± 2.9 0± 3.7 0± 1.4 0± 2.9 0± 3.7 0± 1.4
LHC0.7 0± 5.3 0± 6.6 0± 2.6 0± 5.5 0± 6.9 0± 2.6

Table 6: Comparison of low-energy and LHC constraints (in units of 10−3) on the Wilson coef-
ficients of the chirality-conserving (ee)(qq) and (µµ)(qq) and chirality-violating operators defined
at the scale µ = 1 TeV. The 68% CL bounds are derived assuming only one 4-fermion operator
is present at a time, and that the vertex corrections and [cℓℓ]1221 are absent. The low-energy
constraints combine all experimental input summarized in Table 4. The LHC1.5 constraints use
the mℓℓ ∈ [0.5-1.5] TeV bins of the measured differential e+e− and µ+µ− cross sections at the 8
TeV LHC [106]. We also separately show the constraints obtained when the mℓℓ ∈ [0.5-1.0] TeV
(LHC1.0) and mℓℓ ∈ [0.5-0.7] TeV (LHC0.7) data range is used.

27

Using  
measurements 

of electron  
and muon  
Drell-Yan  

cross-sections 
in ATLAS run-1

ATLAS
1606.01736

Low-energy and LHC comparable for chirality-preserving eeqq operators
LHC superior for chirality-preserving qq operators 𝜇𝜇qq operators
Low-energy superior for chirality-violating operators

AA, Gonzalez-Alonso, Mimouni
1706.03783

M. González-Alonso

What about the LHC?
W

R.C.

SM background NP (EFT)

W

x 10-3

[Falkowski, MGA & 

Mimouni, 2017]

[Wood et al., Science’97]
[Hardy & Towner'14,  
Flavianet’16,  
MGA & Martin Camalich'16]

Borrowed from Martin Gonzalez-Alonso

M. González-Alonso

EFT at the EW scale

~ 1 TeV              SM

  ~  10 TeV              NPW

W

EFT    =    Symmetries   +   Fields

- Lorentz; 

- SU(2) x U(1); 

- Flavour sym? 

- B, L; 

- SM fields 

- h SU(2) doublet 

- No light NP

L = L(�,�⇤)

α: Wilson coefficients (UV physics)  
59 dim-6 operators 
[Buchmuller & Wyler’1986, Leung et al.’1986, Grzadkowksi et al., 2010] 

Example:

…

q

q

l

l


