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In this talk, I will present our preliminary results from Z/W-pole observables and with 
the inclusion of 4-fermion operators from a personal view.

The big picture of this ongoing project? See, for example, Jiayin’s recent talk 
@ILCX2021

Overview
Number of operators is large, but usually it is  if focusing on specific sectors 
(will see specific examples shortly).
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Overview

Why 4-fermion operators?

Question:

Short answer: It has not yet been done for future colliders.
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Overview: PVES

γ Z
+

f fO O

Parity-violating electron scattering (PVES) has played an essential role in 
establishing the SM.
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i: Number of loops 
j: Number of closed fermion 
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NNLO: YD, Freitas, Patel, Ramsey-
Musolf, PRL 2020

LO: Derman and Marciano, 1979

NLO: Czarnecki and Marciano, 1996
Overview: PVES
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J. C. HARDY AND I. S. TOWNER PHYSICAL REVIEW C 91, 025501 (2015)
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FIG. 8. Uncertainty budget for |Vud |2 as obtained from superal-
lowed 0+ → 0+ β decay. The contributions are separated into four
categories: experiment, the transition-dependent part of the radiative
correction (δ′

R), the nuclear-structure-dependent terms (δC − δNS),
and the transition-independent part of the radiative correction #V

R.

decay is to be achieved in the future, it must come first
from improved calculations of #V

R . Furthermore, since #V
R is

common to all other approaches to the measurement of |Vud |—
from neutron decay, T = 1/2 nuclear mirror decays and
pion decays—it provides an ultimate precision limit to them
all, albeit well below the experimental uncertainties which
currently dominate those measurements. In 2008, we identified
improvements to #V

R as the highest priority theoretical goal,
and it remains so today. The impact of any improvement would
be immediate: If the #V

R uncertainty were cut in half, the |Vud |2
uncertainty would be reduced by 30%.

The nuclear-structure-dependent corrections (δC − δNS) are
the second most important contributors to the overall uncer-
tainty assigned to |Vud |2. Their contribution has been slightly
reduced since 2008 as a result of improved experimental
precision which, as already noted, has made possible a
discriminating test for the efficacy of any set of calculated
isospin-symmetry-breaking corrections, δC. As a result, we

have been able to select the only set in good agreement with
the expectation of CVC that all measured transitions should
have the same F t values within statistical uncertainties. This
is an example of experiment contributing to the reduction
of a theoretical uncertainty. Further benefits from the same
approach can also be anticipated in the future with the
completion of more mirror pairs of 0+ → 0+ transitions—at
A = 26, 34, and 42, for example—and with even higher
precision in the already well-known f t values.

Of course, the motivation for improving |Vud | is to tighten
the uncertainty on CKM unitarity as a probe for physics beyond
the standard model. This would obviously benefit from a
resolution of the current conflict in the determinations of |Vus |.
Nevertheless, regardless of which current value for |Vus | one
accepts, its contribution to the uncertainty on the unitarity
sum is from 15%–35% less than that of our current value of
|Vud |. (The relative precision of |Vud | is, however, more than
an order of magnitude tighter than that of |Vus |.) Thus, any
improvement in |Vud | will have a direct beneficial impact on
the uncertainty of the unitarity sum.

There is another important outcome of the superallowed
F t values that often gets less attention than it deserves: the
experimental limit that it yields on the possible occurrence
of a scalar interaction. The limit set here on the ratio of
scalar-to-vector currents is the tightest available anywhere and
it can clearly be improved. As a glance at Fig. 7 will show,
the two lightest superallowed transitions—those from 10C and
14O—are crucial in setting the limit on a scalar interaction.
Both have relatively large uncertainties. Both also present
experimental challenges, particularly in the measurement of
their branching ratios. There is no doubt, though, that an
appreciable improvement in their F t values would pay off
handsomely.
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Super-allowed β decay or free neutron decay
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their branching ratios. There is no doubt, though, that an
appreciable improvement in their F t values would pay off
handsomely.

ACKNOWLEDGMENTS

This material is based upon work supported by the U.S.
Department of Energy, Office of Science, Office of Nuclear
Physics, under Award No. DE-FG03-93ER40773 and by the
Welch Foundation under Grant No. A-1397.

[1] I. S. Towner and J. C. Hardy, Nucl. Phys. A 205, 33 (1973).
[2] J. C. Hardy and I. S. Towner, Nucl. Phys. A 254, 221 (1975).
[3] V. T. Koslowsky, E. Hagberg, J. C. Hardy, H. Schmeing,

R. E. Azuma, and I. S. Towner, in Proceedings of the 7th
International Conference on Atomic Masses and Fundamental
Constants, Darmstadt-Seeheim, edited by O. Klepper (T. H.
Darmstadt, Darmstadt, Germany, 1984), p. 572.

[4] J. C. Hardy, I. S. Towner, V. T. Koslowsky, E. Hagberg, and
H. Schmeing, Nucl. Phys. A 509, 429 (1990).

[5] J. C. Hardy and I. S. Towner, Phys. Rev. C 71, 055501 (2005);
,Phys. Rev. Lett. 94, 092502 (2005).

[6] J. C. Hardy and I. S. Towner, Phys. Rev. C 79, 055502 (2009).
[7] E. G. Adelberger, M. M. Hindi, C. D. Hoyle, H. E. Swanson,

R. D. Von Lintig, and W. C. Haxton, Phys. Rev. C 27, 2833
(1983); this reference replaces the result reported in E. G.

Adelberger, C. D. Hoyle, H. E. Swanson, and R. D. Von Lintig,
Phys. Rev. Lett. 46, 695 (1981).

[8] F. Ajzenberg-Selove, Nucl. Phys. A 490, 1 (1988).
[9] F. Ajzenberg-Selove, Nucl. Phys. A 523, 1 (1991).

[10] A. M. Aldridge, K. W. Kemper, and H. S. Plendl, Phys. Lett.
B 30, 165 (1969).

[11] D. E. Alburger, Phys. Rev. C 5, 274 (1972).
[12] D. E. Alburger and F. P. Calaprice, Phys. Rev. C 12, 1690

(1975).
[13] D. E. Alburger and D. H. Wilkinson, Phys. Rev. C 15, 2174

(1977); this reference replaces the 46V half-life from [181].
[14] D. E. Alburger, Phys. Rev. C 18, 1875 (1978).
[15] P. F. A. Alkemade, C. Alderliesten, P. De Wit, and C. Van der

Leun, Nucl. Instrum. Methods 197, 383 (1982).
[16] A. Anttila, M. Bister, and E. Arminen, Z. Phys. 234, 455 (1970).

025501-22

�0R

<latexit sha1_base64="I8UwbvoeQI6pDcpqwsek4mTbmbc=">AAAB+HicbVBNS8NAEN34WetHox69LBbRU0mkoN6KXjxWsR/QhLDZbNulm03YnQg19Jd48aCIV3+KN/+N2zYHbX0w8Hhvhpl5YSq4Bsf5tlZW19Y3Nktb5e2d3b2KvX/Q1kmmKGvRRCSqGxLNBJesBRwE66aKkTgUrBOObqZ+55EpzRP5AOOU+TEZSN7nlICRArviRUwAOQ1yT8X4fhLYVafmzICXiVuQKirQDOwvL0poFjMJVBCte66Tgp8TBZwKNil7mWYpoSMyYD1DJYmZ9vPZ4RN8YpQI9xNlSgKeqb8nchJrPY5D0xkTGOpFbyr+5/Uy6F/6OZdpBkzS+aJ+JjAkeJoCjrhiFMTYEEIVN7diOiSKUDBZlU0I7uLLy6R9XnPrtau7erVxXcRRQkfoGJ0hF12gBrpFTdRCFGXoGb2iN+vJerHerY9564pVzByiP7A+fwBJEpLe</latexit>

: transition dependent radiative corrections

�C � �NS

<latexit sha1_base64="7bG2ARge92Nco8rRJpc60BJ9NG4=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBHcWBIpqLtiN66kon1AE8JkMmmHziRhZiKUkJ0bf8WNC0Xc+gvu/BunbRa19cCFM+fcy9x7/IRRqSzrx1haXlldWy9tlDe3tnd2zb39toxTgUkLxywWXR9JwmhEWooqRrqJIIj7jHT8YWPsdx6JkDSOHtQoIS5H/YiGFCOlJc88cgLCFPIyR3DYyM9mn7f3uWdWrKo1AVwkdkEqoEDTM7+dIMYpJ5HCDEnZs61EuRkSimJG8rKTSpIgPER90tM0QpxIN5vckcMTrQQwjIWuSMGJOjuRIS7liPu6kyM1kPPeWPzP66UqvHQzGiWpIhGefhSmDKoYjkOBARUEKzbSBGFB9a4QD5BAWOnoyjoEe/7kRdI+r9q16tVdrVK/LuIogUNwDE6BDS5AHdyAJmgBDJ7AC3gD78az8Wp8GJ/T1iWjmDkAf2B8/QKT55kk</latexit>

: Nuclear structure dependent

Exp.  : Experiment

�V
R

<latexit sha1_base64="zdNrT/e/YJK/h55htVvfhna+Chw=">AAAB/3icbVC7TsMwFHV4lvIKILGwWFRITFWCKgFbBQyMBdGH1ITIcZ3Wqu1EtoNUhQz8CgsDCLHyG2z8DW7aAVqOdHWPzrlXvj5hwqjSjvNtLSwuLa+sltbK6xubW9v2zm5LxanEpIljFstOiBRhVJCmppqRTiIJ4iEj7XB4OfbbD0QqGos7PUqIz1Ff0IhipI0U2PveFWEaBZknObzN74veygO74lSdAnCeuFNSAVM0AvvL68U45URozJBSXddJtJ8hqSlmJC97qSIJwkPUJ11DBeJE+Vlxfw6PjNKDUSxNCQ0L9fdGhrhSIx6aSY70QM16Y/E/r5vq6MzPqEhSTQSePBSlDOoYjsOAPSoJ1mxkCMKSmlshHiCJsDaRlU0I7uyX50nrpOrWquc3tUr9YhpHCRyAQ3AMXHAK6uAaNEATYPAInsEreLOerBfr3fqYjC5Y05098AfW5w+od5Xk</latexit>

: transition independent radiative corrections

Towner & Hardy, 2015

Overview: CKM unitarity

0.022

Seng, Gorchtein, Patel, Ramsey-Musolf, PRL 2018
Seng, Gorchtein, Ramsey-Musolf, PRD 2019

Super-allowed β decay or free neutron decay
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Remaining: Non-trivial  boxes on the quark line.Wγ

Current status:
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Overview: CKM unitarity
* in progress, with Michael Ramsey-Musolf, Jia Zhou
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Overview

What in common for PVES and neutron decay? 4-fermion operators!
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What in common for PVES and neutron decay? 4-fermion operators!

𝒪le =
cℓe

Λ2 (ℓ̄γμℓ) (ēγμe)
Ignore flavor indices. Left-right symmetric 
model

ΛMoller ≳ 10 ∼ 50 TeV

PVES

The MOLLER collaboration, 1411.4088
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Overview

What in common for PVES and neutron decay? 4-fermion operators!

𝒪le =
cℓe

Λ2 (ℓ̄γμℓ) (ēγμe)
Ignore flavor indices. Left-right symmetric 
model

ΛMoller ≳ 10 ∼ 50 TeV

PVES

The MOLLER collaboration, 1411.4088

𝒪(3)
lq =

c(3)
ℓq

Λ2 (ℓ̄γμτIℓ) (q̄γμτIq)
Ignore flavor indices. Lepto-quark model

Λvα↔νβ ≳ 𝒪(10) TeV

Neutron decay

YD, Li, Tang, Vihonen, Yu, 2011.14292
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Overview
Including our recent three papers (neutrino oscillation +  + CEvNS)Neff
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Overview

So the long answer is: Great potential in exploring new physics 
indirectly. More importantly, we have many experiments for them.

Why 4-fermion operators?

Questions:
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Framework

This ongoing project is devoted to a global fit of 4-fermion operators for 
future colliders.
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Framework

This ongoing project is devoted to a global fit of 4-fermion operators for 
future colliders.

ℒvff
eff = eAμ ∑

f∈u,d,e

Qf (f̄ σ̄μ f + f cσμ f̄ c) + gsGa
μ ∑

f∈u,d
(f̄ σ̄μTaf + f cσμTaf̄ c)

+
gL

2 (W+
μ ūσ̄μ (V + δgWq

L ) d + W+
μ ūσ̄μδgWq

R dR + W+
μ ν̄σ̄μ (𝕀 + δgWℓ

L ) e +  h.c. )
+ g2

L + g2
YZμ ∑

f∈u,d,e,ν

f̄ σ̄μ (𝕀T3
f − 𝕀s2

θ Qf + δgZf
L ) f + ∑

f c∈uc,dc,ec

f cσμ (−𝕀s2
θ Qf + δgZf

R ) f̄ c

Extra corrections to both Z/W-pole observables and fermion-pair production.

LHC Higgs Cross Section Working Group, 2017

mW → (1 + δm)mW
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Framework

<latexit sha1_base64="UQ/177FFqH4c9L14OCql+Id1vjc="></latexit>

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

[O``]IIII =
1
2

�
¯̀
I �̄µ`I

� �
¯̀
I �̄µ`I

�
[O``]IIJJ =

�
¯̀
I �̄µ`I

� �
¯̀
J �̄µ`J

�

[O`e]IIII =
�
¯̀
I �̄µ`I

�
(e

c
I�µē

c
I) [O``]IJJI =

�
¯̀
I �̄µ`J

� �
¯̀
J �̄µ`I

�

[O`e]IIJJ =
�
¯̀
I �̄µ`I

�
(e

c
J�µē

c
J)

[Oee]IIII =
1
2 (e

c
I�µē

c
I) (e

c
I�µē

c
I) [O`e]JJII =

�
¯̀
J �̄µ`J

�
(e

c
I�µē

c
I)

[O`e]IJJI =
�
¯̀
I �̄µ`J

�
(e

c
J�µē

c
I)

[Oee]IIJJ = (e
c
I�µē

c
I) (e

c
J�µē

c
J)

*Currently only flavor-conserving observables/operators are included in our fit.

Extra corrections to fermion-pair production

LHC Higgs Cross Section Working Group, 2017
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Observables: LEP-Z, W
Z-pole observables W-pole observables

mW, ΓW

Br(W → ℓν)

RW,c

Rσ

ΓZ, σhad, Re,μ,τ, A0,{e,μ,τ}
FB

Rb, Rc, AFB
b , AFB

c

Ae, Aμ, Aτ

Ae, Aτ
Ab, Ac

Ruc (PDG)
As (SLD)
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th. SM EFT== +

ℳ2
th. = ℳ2

SM + 2Re (ℳSMℳ†
EFT) + ℳ2

EFT

≃ ℳ2
SM + 2Re (ℳtree

SMℳ†
EFT) + 𝒪 (α2δg, δg2)

tree + loop

Strategy: exemplified by pole observables

<latexit sha1_base64="h4wML1fDVJ7cN2YL4stbvAwWV5s="></latexit>

�
2 =

X

ij

[Oi,exp �Oi,th]�
�2
ij [Oj,exp �Oj,th]
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Observables: LEP-Z, W
Fermion-pair production: Bhabha scattering for example

dσ
d cos θ

(Bhabha)

Accidental flat direction for unpolarized beams at LEP lifted by PVES (SLAC-E158)
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Observables: LEP-Z, W
Fermion-pair production

σ(e+e− → μ+μ−), σFB(e+e− → μ+μ−)

σ(e+e− → τ+τ−), σFB(e+e− → τ+τ−)

 — Flat direction lifted by  (CHARM-II)
(−)ν μe−

Michel parameters from polarized muon decay (PSI)

— Michel parameters from polarized tau decay with upgraded       
     SuperKEKB (Banerjee and Roney’s talk at EF04 meeting last Friday)

GF from  decay (PDG)τ

17Yong Du ITP CAS

https://indico.fnal.gov/event/51468/


Setup validation
Vertex part from pole observables
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Observables: CEPC
CEPC CDR 
de Blas, Durieux, Grojean, Gu, Paul, JHEP 2019
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Results: Vertex only

PRELIMINARY

* No flavor assumption
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Correlation matrix: Vertex only
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Correlation matrix: Vertex only
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Results: Vertex + 4f

PRELIMINARYPRELIMINARY

PRELIMINARY
* No flavor assumption
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Results: Vertex + 4f

PRELIMINARYPRELIMINARY

PRELIMINARY
* No flavor assumption
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Beam polarization @ILC, CLIC



Summary and outlook
✤ 4-fermion operators are very interesting in exploring new physics indirectly (PVES, 

CKM unitarity, neutrino NSIs, , etc) 

✤ We validate our setup against results in literature for LEP and find excellent 
agreement. 

✤ Preliminary results obtained using projections for CEPC, much smaller 
uncertainties would be expected as compared to those from LEP. 

✤ More comprehensive results (with more operators) to be expected at the 
beginning of the coming year.

Neff



Backup






