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Invitation: misconceptions about EFT & oblique parameters 

¥! Oblique parameters S, T etc. can be used to constrain any 
(calculable) BSM theory. 

¥! Oblique parameters S, T etc. can be used to constrain the general 
dimension-6 EFT parameter space. 

¥! Oblique parameters S, T, etc. can be used to constrain Òuniversal 
theories,Ó where only bosonic operators appear in the EFT 

Lagrangian, no matter which basis is used. 
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Introduction 
EFT & oblique parameters 
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Effective field theory (EFT) 

¥! General, model-independent and consistent approach to precision 
analyses, in search of deviations from the Standard Model (SM). 

¥! Theory prediction for observables 

¥! Compare with precision data è constrain/determine ci è infer UV theory. 

Pheno 2016, Pittsburgh, May 2016 

dimension-6 operators 

Wells, ZZ, 1406.6070 
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EFT operator bases 
¥! To use EFT consistently, we need a complete, non-redundant operator basis. 

¥! Warsaw basis 
¥! Buchmuller and Wyler (1986) 

¥! Grzadkowski, Iskrzynski, Misiak, Rosiek (1008.4884) 

¥! SILH basis 
¥! Giudice, Grojean, Pomarol, Rattazzi (hep-ph/0703164) 

¥! Contino, Ghezzi, Grojean, Muhlleitner, Spira (1303.3876) 

¥! Elias-Miro, Espinosa, Masso, Pomarol (1308.1879) 

¥! EGGM basis 
¥! Elias-Miro, Espinosa, Masso, Pomarol (1302.5661) 

¥! Elias-Miro, Grojean, Gupta, Marzocca (1312.2928) 

¥! They are equivalent descriptions of the theory, related by field redefinitions 
(equivalently, SM equations of motion). 
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Oblique parameters S, T, etc. 

¥! Parameterization of vector boson self-energy corrections. 
¥! Initiated by Kennedy and Lynn (1989). 

¥! S, T, U proposed by Peskin and Takeuchi (1992). 

¥! Extended by Maksymyk, Burgess, London (hep-ph/9306267), Barbieri, 
Pomarol, Rattazzi, Strumia (hep-ph/0405040), etc. 

¥! See e.g. PDG for current constraints on S and T from precision EW data. 

Pheno 2016, Pittsburgh, May 2016 

(new physics part only) 
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Ŝ ⌘ ↵
4s2✓

S ⌘ � c✓
s✓
⇧0

3B(0), T̂ ⌘ ↵T ⌘ 1
m2

W

⇥
⇧WW (0)�⇧33(0)

⇤
, etc.

⇧µ⌫
V V 0(p) =

⇣
gµ⌫ � pµp⌫

p2

⌘
⇧V V 0(p2) +

pµp⌫

p2
(. . . )

where ⇧V V 0(p2) = ⇧V V 0(0) +⇧0
V V 0(0)p2 +

1

2
⇧00

V V 0(0)(p2)2 + . . .

p p 

NP 

Zhengkang "Kevin" Zhang (U Michigan) 4/12 



Oblique parameters: caveats 

¥! 1)               are not invariant under field redefinitions. 

¥! They are NOT physical observables. 

¥! In the EFT, values of                 are basis-dependent and ambiguous. 

¥! See Sanchez-Colon and Wudka (hep-ph/9805366), Grojean, Skiba, Terning (hep-

ph/0602154), Trott (1409.7605) for earlier discussions. 

¥! 2) Bounds on S, T, etc. are derived assuming they capture all the BSM 

effects (or at least the dominant ones) on the processes under study 

[e.g. Òno Zff vertex correctionsÓ]. 

¥! This assumption is NOT satisfied for the most general BSM deformations. 

¥! Thus S, T, etc. are meaningful ONLY when restrictions are imposed. 

¥! Generally speaking, these restrictions define universal theories. 
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Consistent EFT description 
of universal theories 
based on 1510.08462 
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EFT definition of universal theories 
¥! Universal theories are theories for which, by field redefinitions, it is 

possible to write the effective Lagrangian as 

¥! 16 independent CP-even bosonic operators one can possibly write down. 

¥! The most general dim-6 deformations of the SM in the bosonic sector. 
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reducing the set to 16 independent operators. We will neglect the CP-odd operators. With
this further restriction, precision flavor physics will not be at play in our discussions, since
by definition universal theories satisfy minimal flavor violation (MFV) [88]. As far as
CP-conserving processes in the electroweak and Higgs sectors are concerned, the CP-odd
operators only contribute O(

v4

⇤

4 ) corrections and are thus more difficult to probe in general.
We complete the list of dimension-6 operators by showing those involving SM fermions

(henceforth referred to as “fermionic operators”) below the horizontal solid line in the first
column of table 1. It is well-known that the number of independent CP-even dimension-6
operators is 53 (for one fermion generation assuming baryon number conservation). So
among the overcomplete set of 18(bosonic) + 6 + 38(fermionic) = 62 operators shown in
table 1, 9 should be eliminated via field redefinitions to form a complete nonredundant
basis. We mark by “⇥” the eliminated operators in each of the 3 recently-proposed SMEFT
bases we consider: the Warsaw basis builds upon earlier work [89], and represents the first
successful effort to write down a complete nonredundant basis [79] (hence it is also known as
the standard basis, despite being equivalent to any other basis); the EGGM basis is devised
to simplify the study of RG effects in the bosonic sector [40] (see also [24]); the SILH
basis originates from the study of the strongly-interacting light Higgs (SILH) scenario [90],
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¥! 7 of the 16 bosonic operators do not appear in Warsaw basis. 

¥! Their effects are captured elsewhere. 

¥! Example: 

¥! LHS: bosonic operator (absent in Warsaw basis). 

¥! RHS: other bosonic operators, plus fermionic operator combination 
(present in Warsaw basis). 

¥! ÒNo Zff vertex correctionsÓ = Òuniversal Zff vertex correctionsÓ. 

Pheno 2016, Pittsburgh, May 2016 Zhengkang "Kevin" Zhang (U Michigan) 
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Translating                                     into the Warsaw basis 

Pheno 2016, Pittsburgh, May 2016 

Definition Warsaw basis operator combination
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Table 1. Warsaw basis operator combinations that appear in Luniversal in (2.1). In these ex-
pressions, repeated generation indices i, j, k, l are summed over, H†�a !D µH = H†�a

(DµH) �
(DµH)

†�aH, H† !D µH = H†
(DµH) � (DµH)

†H. The Yukawa matrices yu, yd, ye should not be
confused with the hypercharges Yf . The SM vector and scalar currents JA

Gµ, Ja
Wµ, JBµ, J↵

y are
defined in (2.2). See appendix A for definitions of the operators appearing in this table.

2 Universal theories at LO and beyond

2.1 The universal theories EFT at LO

In this subsection, we briefly review the results in [8]. The SMEFT description of universal
theories at LO can be formulated in three equivalent ways, in terms of effective operators,
universal parameters, or Higgs basis couplings.

As mentioned in the introduction, the effective Lagrangian of universal theories consists
of LSM plus 16 independent CP-even bosonic operators. In the Warsaw basis [55], only 9 of
them are kept, while the remaining bosonic operators are eliminated by field redefinitions, or
equivalently, by applying the SM equations of motion, in favor of combinations of fermionic
operators. Despite the appearance of a proliferation of fermionic operators, the number of
independent parameters (Wilson coefficients) is still 16. To be specific, using the notation
of [55] for the Warsaw basis operators Qi, collected in appendix A, we have

Luniversal = LSM +

1

v2
(CHWQHW + CHBQHB + CHGQHG + CHWBQHWB + CWQW

+CGQG + CHDQHD + CH⇤QH⇤ + CHQH + CHJWQHJW + CHJBQHJB

+C2JWQ2JW + C2JBQ2JB + C2JGQ2JG + CyQy + C2yQ2y), (2.1)
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2 Universal theories at LO and beyond

2.1 The universal theories EFT at LO

In this subsection, we briefly review the results in [8]. The SMEFT description of universal
theories at LO can be formulated in three equivalent ways, in terms of effective operators,
universal parameters, or Higgs basis couplings.

As mentioned in the introduction, the effective Lagrangian of universal theories consists
of LSM plus 16 independent CP-even bosonic operators. In the Warsaw basis [55], only 9 of
them are kept, while the remaining bosonic operators are eliminated by field redefinitions, or
equivalently, by applying the SM equations of motion, in favor of combinations of fermionic
operators. Despite the appearance of a proliferation of fermionic operators, the number of
independent parameters (Wilson coefficients) is still 16. To be specific, using the notation
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Oblique parameters in universal theories 

¥! To unambiguously define oblique parameters from            , we require 
the following 3 oblique parameters defining conditions be satisfied:  

¥! 1) The Lagrangian is written s.t. only bosonic operators are present. 

¥! 2) The kinetic terms of W± and B are canonically normalized. 

¥! 3)                       where W represents W±. 

¥! 1) is possible only in universal theories, where field redefinitions can 

put the Lagrangian into the form                           , no matter which 
basis one works with. 

¥! 2) and 3) fix SM parameters g, gÕ, v. 

Pheno 2016, Pittsburgh, May 2016 

! W W (0) = 0

Barbieri, Pomarol, Rattazzi, Strumia, hep-ph/0405040 
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Oblique parameters in universal theories 

¥! Up to dimension 6, the nonzero oblique parameters are: 

¥! Their expressions in different bases are related by basis transformations. 

Pheno 2016, Pittsburgh, May 2016 

3.1 Oblique parameters

In universal theories, the oblique parameters are deÞned from the Taylor expansion coe! -
cients of the new physics contributions to the transverse part of the vector boson self-energies
! V V ! (p2) (deÞned with the SM piece excluded),
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with the vector boson Þelds and the SM parameters redeÞned such that the following 3
oblique parameters defining conditions are satisÞed [17]:

1) Only bosonic operators are present.

2) The kinetic terms of W ± and B are canonically normalized.

3) ! W W (0) = 0 [here W representsW ± , see (3.14) below].

In particular, the nonzero oblique parameters in the linear SMEFT up to dimension 6 are
deÞned by
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where ø! V V ! are the self-energies of the vector boson Þelds after redeÞnitions are performed
(to be explicitly shown below) to satisfy the 3 oblique parameters deÞning conditions stated
above. In these equations one can use the SM leading-order expressions formW , and c" , s"

before the redeÞnitions, sinceø! V V ! are already O( v2

! 2 ); the same applies to all theO( v2

! 2 )
terms and will be implicitly understood in various equations in the following. Our sign
conventions di" er from [17] but agree with the commonly-used ones. Note that theU
parameter (or its rescaled versionöU) originally deÞned in [15] is zero at the dimension-6
level.

The deÞnitions of oblique parameters are unambiguous from the 3 deÞning conditions
stated above: the Þrst condition dictates the use of a bosonic basis; the second and third
conditions Þx the SM parametersg, g!, v so that there is no more freedom to rescale them
within the bosonic basis. In a sense, the intrinsic ambiguity of deÞning oblique parameters
from self-energies is eliminated by choosing a well-motivated prescription for Þeld redeÞ-
nitions, namely to eliminate all fermionic operators and go to a bosonic basis. The latter
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øE3W � g2

4
øS3W

ø�g � g2

4 E3G � g2

4 S3G � 3g2

2gs
CG � g2

4
øE3G � g2

4
øS3G

! 3 �E6 � 3
2EH �S6 � 3

2SH + g2

4 S2JW � 1
�CH + 3CH ⇤ � 3

4CHD � øE6 � 3
2

øEH �øS6 � 3
2

øSH

� g2

4 (CHJW � C2JW ) � 1
2

øEr � 4� øEK 4 � 1
2

øSr � 4�øSK 4

! øF �Ey � 1
2EH �Sy � 1

2SH + g2

4 S2JW �Cy + CH ⇤ � 1
4CHD � 1

2
øEH � 2� øEK 4 � 1

2
øSH � 2�øSK 4

� g2

4 (CHJW � C2JW )

! øV � 1
2EH � 1

2SH + 3g2

4 S2JW CH ⇤ � 1
4CHD � 1

2 ( øEH � øEr ) � 1
2 ( øSH � øSr )

� 3g2

4 (CHJW � C2JW )
f gg 4EGG 4SGG

4
g2
s
CHG 4 øEGG 4øSGG

f z� 2[2c2✓EW W � 2s2✓EBB �4s2✓SBB
2

gg! [2c✓s✓(CHW � CHB ) 2[2c2✓ øEW W � 2s2✓ øEBB �4s2✓ øSBB

�(c2✓ � s2✓)EW B ] � 1
2 (SHW � SHB ) �(c2✓ � s2✓)CHW B ] �(c2✓ � s2✓) øEW B ] � 1

2 ( øSHW � øSHB )
f �� 4(EW W + EBB � EW B ) 4SBB 4( 1

g2 CHW + 1
g!2 CHB � 1

gg! CHW B ) 4( øEW W + øEBB � øEW B ) 4 øSBB

c2y E2y S2y C2y øEK 4
øSK 4

Table 7. The 16 universal parameters, deÞned in (3.36), in terms of the independent Wilson coefficients whenLuniversal is written in the EGGM,
SILH, Warsaw, BE and BS bases as in (2.11), (2.16), (2.23), (2.6). These parameters generalize the oblique parameters framework, and constitute
a complete description of universal theories.

–
24

–

See 1510.08462 for details. Coefficients of fermionic operator combinations appear! 
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Conclusions 

¥! Oblique parameters S, T etc. can be used to constrain any 
(calculable) BSM theory. 

¥! Generally speaking, oblique parameters S, T, etc. can only be used to 

constrain universal theories. 

¥! Oblique parameters S, T etc. can be used to constrain the general 

dimension-6 EFT parameter space. 

¥! They cannot be used to constrain the full EFT parameter space. 
Restrictions must be imposed. 
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Conclusions 

¥! Oblique parameters S, T, etc. can be used to constrain Òuniversal 
theories,Ó where only bosonic operators appear in the EFT 

Lagrangian, no matter which basis is used. 

¥! Universal theories are defined by a 16-dimensional subspace of the 

full dimension-6 EFT parameter space. Fermionic operator 
combinations can appear in some bases (e.g. Warsaw). 

¥! Final comment 
¥! Universal theories can flow to non-universal theories under RG. 

¥! At EW scale, it is not possible to write                           (unless w/ fine tuning). So a 

priori, oblique parameters are not well-defined. 

¥! See 1512.03056 for detailed discussion of RG effects. 
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Thank you! 
The end 

Pheno 2016, Pittsburgh, May 2016 Zhengkang "Kevin" Zhang (U Michigan) 



Backup slides 

Pheno 2016, Pittsburgh, May 2016 Zhengkang "Kevin" Zhang (U Michigan) 



Example of ambiguity 
¥! Field redefinition of           is equivalent to application of the SM 

equations of motion (EoM) on dimension-6 operators. 

¥! Physical effects are equivalent (e.g.                            ). 
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adapted from Grojean, Skiba, Terning, hep-ph/0602154 

O
⇣ v2

⇤2

⌘

� ! �+ �� ) S[�]EFT ! S[�]EFT +

✓
�S

��

◆

SM

��+O
⇣ v4

⇤4

⌘

SM EoM O
⇣ v2

⇤2

⌘

ig0(DµH)†(D⌫H)Bµ⌫
IBP�! �gg0

4
H†�aHW a

µ⌫B
µ⌫ +

ig0

2
(H† !D µH)@⌫Bµ⌫ �

g02

4
|H|2Bµ⌫B

µ⌫

EoM�! �gg0

4
H†�aHW a

µ⌫B
µ⌫ � g02

4
(H† !D µH)2

+
ig02

2

X

f

Yf (H
† !D µH)f̄�µf

�g02

4
|H|2Bµ⌫B

µ⌫ .

! ! Bµ! =
ig!

2
H †!"

D µH + g!
!

f

Yf
øf " µf

anomalous triple-gauge couplings 

vector boson  
self-energy 
corrections (S, T) 

anomalous Zff couplings 

affects Higgs physics only 
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Operator Warsaw EGGM SILH BE BS

OW =

ig
2 (H

†�a !D µH)D⌫W a
µ⌫ ⇥

OB =

ig0

2 (H† !D µH)@⌫Bµ⌫ ⇥
OHW = ig(DµH)

†�a
(D⌫H)W a

µ⌫ ⇥ ⇥ ⇥
OHB = ig!

(DµH)

†
(D⌫H)Bµ⌫ ⇥ ⇥ ⇥

OWW = g2|H|2W a
µ⌫W

aµ⌫ QHW = |H|2W a
µ⌫W

aµ⌫ ⇥ ⇥
OWB = gg!H†�aHW a

µ⌫B
µ⌫ QHWB = H†�aHW a

µ⌫B
µ⌫ ⇥ ⇥

OBB = g!2|H|2Bµ⌫B
µ⌫ QHB = |H|2Bµ⌫B

µ⌫

OGG = g2s |H|2GA
µ⌫G

Aµ⌫ QHG = |H|2GA
µ⌫G

Aµ⌫

O2W = � 1
2 (D

µW a
µ⌫)

2 ⇥ ⇥
O2B = � 1

2 (@
µBµ⌫)

2 ⇥ ⇥
O2G = � 1

2 (D
µGA

µ⌫)
2 ⇥ ⇥

O3W =

g
6 ✏

abcW a⌫
µ W b⇢

⌫ W cµ
⇢ QW = ✏abcW a⌫

µ W b⇢
⌫ W cµ

⇢

O3G =

gs
6 f

ABCGA⌫
µ GB⇢

⌫ GCµ
⇢ QG = fABCGA⌫

µ GB⇢
⌫ GCµ

⇢

OT =

1
2 (H

† !D µH)

2 QHD = |H†DµH|2
OH =

1
2 (@µ|H|2)2 QH⇤ = |H|2! |H|2

O6 = �|H|6 QH = |H|6
Or = |H|2|DµH|2 ⇥ ⇥ ⇥
OK4 = |D2H|2 ⇥ ⇥ ⇥

Ol
L = (iH† !D µH)(

¯l�µl) Q
(1)
Hl ⇥

O(3)l
L = (iH†�a !D µH)(

¯l�µ�al) Q
(3)
Hl ⇥ ⇥

Oe
R = (iH† !D µH)(ē�µe) QHe ⇥
Ol

LL = (

¯l�µl)(¯l�
µl) Qll ⇥ unspecified

Oe
RR = (ē�µe)(ē�

µe) Qee ⇥
O(8)ud

RR = (ū�µT
Au)( ¯d�µTAd) Q

(8)
ud ⇥

other 38 fermionic operators kept in all 3 bases

Table 1 . List of CP-even dimension-6 operators (column 1) in the notation of [33]. There are 53
independent operators (for one fermion generation assuming baryon number conservation) among
the 24 listed (18 bosonic and 6 fermionic, separated by the horizontal solid line) plus 38 unlisted
(fermionic) operators, so 9 of them should be eliminated to form a complete SMEFT basis. The
eliminated operators for each of the three recently-proposed bases, Warsaw [79], EGGM [40], and
SILH [33], are marked by “⇥” (the eliminated fermionic operators refer to the first-generation ones).
The operators appear in slightly di! erent forms in the Warsaw basis, where they are denoted by
Qi and are written out explicitly. We also define the BE and BS bases (EGGM-like and SILH-like
bosonic bases), each consisting of 16 independent bosonic operators after 2 of the 7 operators above
the dashed line are eliminated via IBP. The bosonic bases are complete when describing universal
theories at leading order.

and has been further developed recently [27], resulting in a complete basis being tabulated
in [33] under the assumption of MFV. Note that what we refer to as the ÒSILH basisÓ is
the one proposed in [33] in the nonuniversal theories case, and used in the global SMEFT
analysis in [7]. To go beyond MFV, we take the eliminated fermionic operatorsOl

L , O(3) l
L

to be those involving the Þrst-generation fermions. The same basis is referred to as the
ÒSILH! basisÓ in [84]. We have adopted the notation of [79] for the Warsaw basis operators
Qi in the second column. For the fermionic operators,Oi and Qi di! er only by name;
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5 
6 
7 
8 
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10 
11 
12 
13 
14 
15 
16 
17 
18 

1 
2 
3 
4 
5 
6 

18+6+38=62 
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Some UV completions of universal theories 

¥! New states at the scale !  only couple to the bosonic sector of the SM; 

¥! SM fermions are weakly coupled to new states at !  via vector and/or 

scalar currents appearing in the SM; 

¥! etc. 

¥! Note: EFT definition of universal theories does not rely on UV completions. 

Pheno 2016, Pittsburgh, May 2016 

Wilson coe! cients in each basis. The latter is done in section3, along with all the other
e" ects universal theories can produce. We will see that universal theories are completely
characterized by 16 parameters, dubbed Òuniversal parameters.Ó This number is the same
in all SMEFT bases, and the values of the 16 parameters in a particular universal theory
are independent of the basis choice. In this framework, the 5 nonvanishing oblique pa-
rameters constitute a subset of the 16 universal parameters; the latter also include, e.g.
the familiar anomalous triple-gauge couplings (TGCs) [82] and Higgs coupling rescaling
factors [83]. Next, we connect the universal parameters to the couplings in the Higgs ba-
sis [84] in section 4. The latter can be directly mapped to new physics corrections to the
precision observables, which exhibit a universal pattern. Two examples of corrections to
precision observables are discussed in section5. We recast the calculations of precision
electroweak observables in the presence of the most general self-energy corrections in [85]
in the language of universal parameters (section5.1), and demonstrate explicitly the well-
known interplay between TGC measurements, especially frome+ e! ! W + W ! , and Higgs
data, in particular the spectrum of the 3-body decayh ! Z ! + ! ! (section 5.2). We will
see that, despite the concerns raised in [48], it is possible to consistently impose precision
electroweak constraints in the form of oblique parameters, and yet Þnd that TGCs and
Higgs observables are connected. Finally, we conclude in section6. Appendix A collects
our notation and some useful formulas.

We will restrict ourselves to leading order in the new physics e" ects throughout this
work. A follow-up paper [86] will be devoted to an RG analysis of universal theories.

2 EFT deÞnition of universal theories

2.1 General considerations and bosonic bases

In the SMEFT with cuto " ! , universal theories are deÞned as theories for which, via Þeld
redeÞnitions, the leading BSM e" ects can be captured by dimension-6 operators suppressed
by 1

! 2 which involve SM bosons only (henceforth referred to as Òbosonic operatorsÓ). Possible
UV completions of such e" ective theories include not only theories where new states at the
scale! only couple to the bosonic sector of the SM, but also those where the SM fermions
are weakly coupled to new states at! via the vector and/or scalar currents appearing in the
SM.3 In the latter case, the dimension-6 operators generated involve the SM currents, and
can thus be eliminated in favor of bosonic operators via Þeld redeÞnitions, or equivalently
by applying the SM equations of motion (EoM),

J A
Gµ " gs

!

f " { q,u,d}

øf " µTA f EoM###! D ! GA
µ! , (2.1a)

J a
W µ " g

!

f " { q,l}

øf " µ
#a

2
f EoM###! D ! W a

µ! #
ig
2

H   #a$!
D µH, (2.1b)

3This latter scenario may be realized, for example, in theories of extra dimensions where gauge Þelds live
in the bulk [ 17]. We also note that there exist approximate universal theories, including composite Higgs
models [87], and theories where new states much heavier than! couple to the SM fermions not via the SM
currents, generating additional terms in the e ! ective Lagrangian suppressed by a much higher scale.

Ð 3 Ð

JBµ ! g!
!

f " { q,l,u,d,e}

Yf
øf ! µ f EoM"""# " ! Bµ! "

ig!

2
H   $#D µH, (2.1c)

J "
y ! øuy 

uq###" + øq" VCKM ydd + øl" yee
EoM"""# " (D 2H   )" + $v2H   " " 2$|H |2H   " , (2.1d)

whereH   %a$#
D µH = H   %a(DµH )" (DµH )  %aH , H   $#D µH = H   (DµH )" (DµH )  H , ##" =

(i%2)#" . Here and in the following, all fermions Þelds are gauge eigenstates unless otherwise
speciÞed.&, ' are SU(2)L indices, while the generation indices are implicitly summed over,
with the Yukawa matrices yu, yd, ye diagonal and real in generation space. The latter should
not be confused with the hypercharges

{ Yq, Yl , Yu, Yd, Ye} = {
1
6

, "
1
2

,
2
3

, "
1
3

, " 1} . (2.2)

The normalizations of the currents have been chosen such that

L SM % GAµ J A
Gµ + W aµJ a

W µ + B µJBµ " (H" J "
y + h.c.). (2.3)

There are in total 16 independent CP-even dimension-6 operators one can write down
with Dµ and the SM boson ÞeldsGA

µ! , W a
µ! , Bµ! , H only. These are enumerated in the

Þrst column of table 1 above the horizontal solid line, in the notation of [33]. In fact, a
redundant set of 18 bosonic operators are listed. There are 2 integration-by-parts (IBP)
relations among the 7 operators above the dashed line,

OW
IBP$# OHW +

1
4

(OW W + OW B ), (2.4a)

OB
IBP$# OHB +

1
4

(OBB + OW B ), (2.4b)

reducing the set to 16 independent operators. We will neglect the CP-odd operators. With
this further restriction, precision ßavor physics will not be at play in our discussions, since
by deÞnition universal theories satisfy minimal ßavor violation (MFV) [88]. As far as
CP-conserving processes in the electroweak and Higgs sectors are concerned, the CP-odd
operators only contribute O( v4

! 4 ) corrections and are thus more di! cult to probe in general.
We complete the list of dimension-6 operators by showing those involving SM fermions

(henceforth referred to as Òfermionic operatorsÓ) below the horizontal solid line in the Þrst
column of table 1. It is well-known that the number of independent CP-even dimension-6
operators is 53 (for one fermion generation assuming baryon number conservation). So
among the overcomplete set of18(bosonic) + 6 + 38 (fermionic) = 62 operators shown in
table 1, 9 should be eliminated via Þeld redeÞnitions to form a complete nonredundant
basis. We mark by Ò&Ó the eliminated operators in each of the 3 recently-proposed SMEFT
bases we consider: the Warsaw basis builds upon earlier work [89], and represents the Þrst
successful e" ort to write down a complete nonredundant basis [79] (hence it is also known as
the standard basis, despite being equivalent to any other basis); the EGGM basis is devised
to simplify the study of RG e" ects in the bosonic sector [40] (see also [24]); the SILH
basis originates from the study of the strongly-interacting light Higgs (SILH) scenario [90],

Ð 4 Ð

SM currents bosonic fields 

Barbieri, Pomarol, Rattazzi, Strumia, hep-ph/0405040 
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Complete LO characterization of universal theories 

¥! Generalizing the oblique parameters framework, we define 16 
universal parameters, which completely characterize the 16-

dimensional parameter space of the universal theories EFT: 

¥! Their values are basis-independent for any specific universal theory. 

¥! See 1510.08462 for their expressions in different bases, and example 
applications. 
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+ fz!
øgøg0

2
øZµ" øAµ" + f!!

øe2

4
øAµ" øAµ" + fw⇤øg2( øW�

µ @" øW+µ" + h.c.)

+ fz⇤øg2 øZµ@" øZµ" + f! ⇤øgøg0 øZµ@" øAµ"
!

+ c
2yJ

 
y#J

#
y +

"

f

i øf�µDµf + O( øV 4,øh4,øh3f2,øh3 øV 2,øhøV 3), (3.36)

where öKµ" , öK2µ" are defined in (3.3), and the action of öK! is shown in (3.5) and the
discussions below that equation. f 0 denotes mass eigenstates, while f " {q, l, u, d, e} denotes
gauge eigenstates. They agree with each other except for dL in the SU (2)L doublet q, for
which dL = VCKMd0L. The scalar current J#

y is defined in (2.1d). The gauge interactions
of f from i øf�µDµf are the same as in the SM, shown in (A.7), with unbarred fields and
parameters replaced by barred ones.

Corresponding to the 16 independent Wilson coe! cients in each basis, we have defined
16 parameters that conveniently characterize all the indirect e" ects of universal theories,
dubbed universal parameters. They include:

• 5 oblique parameters öS, öT , W , Y , Z;

• 4 anomalous TGC parameters ! øgZ
1

, ! ø! , ø�! , ø�g;

• 3 parameters for the rescaling of the SM h3, hff , hV V couplings ! 
3

, ! øF , ! øV ;

• 3 parameters for the hV V couplings with non-SM Lorentz structures fgg, fz! , f!! ;

• 1 parameter for the O(y2f ) four-fermion coupling c
2y.

Eq. (3.36) can be viewed as the definition of these parameters: they are defined from the
terms in the e" ective Lagrangian when Luniversal is cast in the form shown in this equation
by field and parameter redefinitions.

Each of the 16 universal parameters can be expressed as a linear combination of Wilson
coe! cients in a particular SMEFT basis (in a sense they constitute an alternative basis
for universal theories). We have shown in detail how to derive the expressions in the
EGGM basis. The results are presented in eqs. (3.20), (3.24), (3.28), (3.31), (3.33), (3.34),
(3.35), and summarized in the second column of table 7. Applying the basis transformation
formulas tabulated in section 2, we arrive at the following columns of table 7, showing
how the universal parameters should be written down in each basis. In particular, we note
that in the SILH and Warsaw bases, Wilson coe! cients of fermionic operators enter the
oblique parameters when the latter are defined according to the procedure described at the
beginning of section 3.1. In fact, they correspond to combinations of fermionic operators
allowed in universal theories whose e" ects on observables are equivalent to vector boson
self-energy corrections. To consistently use the constraints on the oblique parameters, the
fermionic operators should be traded for their bosonic counterparts, and their contributions
to the oblique parameters evaluated.

– 23 –
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Universal parameters from the effective Lagrangian 
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and Q2JW , Q2JB , Q2JB , Q2y from 23 of the 25 four-fermion operators

Q(3)
qq = (q̄! µ " aq)(q̄! µ " aq), Q(3)

lq = (

¯l ! µ " al)(q̄! µ " aq),

Q(1)
qq = (q̄! µq)(q̄! µq), Q(1)

lq = (

¯l ! µ l)(q̄! µq), Qll = (

¯l ! µ l)(¯l ! µ l),

Quu = (ū! µu)(ū! µu), Qdd = (

¯d! µd)( ¯d! µd), Qee = (ē! µe)(ē! µe),

Q(1)
qu = (q̄! µq)(ū! µu), Q(1)

qd = (q̄! µq)( ¯d! µd), Qqe = (q̄! µq)(ē! µe),

Qlu = (

¯l ! µ l)(ū! µu), Qld = (

¯l ! µ l)( ¯d! µd), Qle = (

¯l ! µ l)(ē! µe),

Q(1)
ud = (ū! µu)( ¯d! µd), Qeu = (ē! µe)(ū! µu), Qed = (ē! µe)( ¯d! µd),

Q(8)
qu = (q̄! µTA q)(ū! µTA u), Q(8)

qd = (q̄! µTA q)( ¯d! µTA d), Q(8)
ud = (ū! µTA u)( ¯d! µTA d),

Q(1)
quqd = (q̄! u)#!"

(q̄" d), Q(1)
lequ = (

¯l ! e)#!"
(q̄" u), Qledq = (

¯l ! e)( ¯dq!
). (A.7)

The 9 + 8 + 3 + 25 = 45 operators mentioned above (42 explicitly listed), plus the 8
$ 2XH -class operators, constitute the 53 independent CP-even, baryon-number-conserving
dimension-6 operators (ref. [55] further lists 6 CP-odd operators, making the total num-
ber 59). Generation indices have been suppressed in (A.5), (A.6), (A.7), for which our
conventions are, e.g.

[C(1)
Hl ]ij [Q

(1)
Hl ]ij = [C(1)

Hl ]ij (iH
†!"

D µH )(

¯l i ! µ l j ), (A.8a)

[C(1)
lq ]ijkl [Q

(1)
lq ]ijkl = [C(1)

lq ]ijkl (
¯l i ! µ l j )(q̄k ! µql ). (A.8b)

When using the results in [17Ð19], we need to ßip the signs of the gauge couplingsgs,
g, g0, and replace the Yukawa matricesY †

u , Y †
d , Y †

e in these references byyu, VCKMyd, ye,
respectively to conform with our notation.

B Universal parameters from the effective Lagrangian

The 16 independent universal parameters listed in table2 can be identiÞed with coefficients
of terms in the effective Lagrangian, when the latter is written in the electroweak symmetry
broken phase in the unitary gauge, i.e.H =

1p
2
(0, v+h), and the SM Þelds and parameters

are redeÞned to satisfy the oblique parameters deÞning conditions [4, 8]. Denoting these
properly-redeÞned Þelds and parameters with bars, we have

Luniversal =
⇣ ḡv̄
2

⌘2
¯W +

µ
¯W�µ

+ (1 # ˆT)

1

2

⇣ ḡv̄
2c̄#

⌘2
¯Zµ ¯Z µ

#
1

2

¯GA
µ
ˆK µ$

¯GA
$ # ¯W +

µ
ˆK µ$

¯W�
$ #

1

2

¯W 3
µ
ˆK µ$

¯W 3
$ # ˆS

s̄#

c̄#

¯W 3
µ
ˆK µ$

¯B$ #
1

2

¯Bµ ˆK µ$
¯B$

#
1

m2
W

h

Z
1

2

¯GA
µ
ˆK 2µ$

¯GA
$ + W

⇣

¯W +
µ

ˆK 2µ$
¯W�

$ +

1

2

¯W 3
µ
ˆK 2µ$

¯W 3
$

⌘

+ Y
1

2

¯Bµ ˆK 2µ$
¯B$

i

+i ḡ
n

(

¯W +
µ$

¯W�µ # ¯W�
µ$

¯W + µ
)

⇥

(1 +�ḡZ
1 )c̄# ¯Z $

+ s̄# ¯A$⇤

+

1

2

¯W +
[µ,

¯W�
$]

⇥

(1 +�%̄Z )c̄# ¯Z µ$
+ (1 +�%̄%)s̄# ¯Aµ$⇤

+

¯&%

m2
W

¯W + $
µ

¯W�&
$ (c̄# ¯Z µ

& + s̄# ¯A µ
& )

o

+

W
m2

W

ˆK $LSM
øW øW øV
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+LSM
Ḡ3 �

¯�g

m2
W

ḡs
6

fABC
¯GA⌫
µ

¯GB⇢
⌫

¯GCµ
⇢ +

Z

m2
W

ˆK � LSM
Ḡ3

+

1

2

@µ¯h@
µ
¯h� 1

2

(2

¯�v̄2)¯h2 � (1 +�3)¯�v̄¯h
3

�
h

1 + (1 +�̄F )
¯h

v̄
+

⇣

3

2

�̄F � 1

2

�̄V

⌘
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i
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¯W�µ
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ḡ2

2
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¯W�µ⌫
+ fzz

ḡ2

4c̄2✓

¯Zµ⌫
¯Zµ⌫
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ḡḡ0
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¯Zµ⌫
¯Aµ⌫

+ f��
ē2

4

¯Aµ⌫
¯Aµ⌫

+ fw⇤ḡ
2
(

¯W�
µ @⌫ ¯W+µ⌫

+ h.c.)

+fz⇤ḡ
2
¯Zµ@⌫ ¯Z
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+ f�⇤ḡḡ
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¯Zµ@⌫ ¯Aµ⌫

i
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†
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↵
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X

f

i ¯f�µDµf +O(

¯V 4, ¯h4, ¯h3f2, ¯h3 ¯V 2, ¯h ¯V 3
). (B.1)

With the standard notation, W±
µ =

1p
2
(W 1

µ ⌥ iW 2
µ), W±

µ⌫ = @[µ,W
±
⌫] , Zµ⌫ = @[µ,Z⌫], Aµ⌫ =

@[µ,A⌫], where (. . . )[µ,⌫] ⌘ (. . . )µ⌫ � (. . . )⌫µ denotes an antisymmetric tensor. In (B.1) we
have defined

ˆKµ⌫ ⌘ �gµ⌫@2
+ @µ@⌫ , ˆK2µ⌫ ⌘ ˆKµ⇢

ˆK ⌫
⇢ . (B.2)

The action of ˆK� follows the product rule, e.g.
ˆK � (W+

µ⌫W
�µZ⌫

) =

ˆK � (@[µ,W+
⌫]W

�µZ⌫
)

= @[µ,( ˆKW+
)⌫]W

�µZ⌫
+ @[µ,W

+
⌫] (

ˆKW�
)

µZ⌫
+ @[µ,W

+
⌫]W

�µ
(

ˆKZ)

⌫ , (B.3)

where (

ˆKW+
)⌫ =

ˆK⌫⇢W
+⇢, etc. Also, we have used f 0 to denote mass-eigenstate fields

and f to denote gauge-eigenstate fields for the SM fermions. The reader is referred to [8]
for details of the reduction from (2.1) to (B.1).

Other parameters appearing in (B.1) depend on the universal parameters as follows,

�̄Z = �ḡZ1 � s2✓
c2✓
�̄� , (B.4a)

fww = fz� + s2✓f�� +
2

g2
�̄� , (B.4b)

fzz = (c2✓ � s2✓)fz� + c2✓s
2
✓f�� +

2

g2
�̄� , (B.4c)

fw⇤ = �2c2✓
g2

�ḡZ1 , (B.4d)

fz⇤ = � 2

g2

h

(c2✓ � s2✓)�ḡZ1 +

s2✓
c2✓
(�̄� � ˆS)

i

, (B.4e)

f�⇤ = � 2

g2
(2c2✓�ḡZ1 ��̄� + ˆS). (B.4f)
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The other parameters appearing in (3.36) are related to the independent universal
parameters as follows,

! ̄Z = ! ḡZ1 !
s2

!

c2
!

! ̄" , (3.37a)

f ww = f z" + s2
! f "" +

2

g2 ! ̄" , (3.37b)

f zz = (c2
! ! s2

! )f z" + c2
! s2

! f "" +

2

g2 ! ̄" , (3.37c)

f w! = !
2c2

!

g2 ! ḡZ1 , (3.37d)

f z! = !
2

g2

!
(c2

! ! s2
! )! ḡZ1 +

s2
!

c2
!
(! ̄" ! ˆS)

"
, (3.37e)

f " ! = !
2

g2 (2c2
! ! ḡZ1 ! ! ̄" +

ˆS). (3.37f)

Also, note that the hhf f and hhV V couplings are completely determined by thehf f and
hV V couplings, as is clear from (3.36). This is a consequence of theh being part of the
SU(2)L doublet H , and also holds in general nonuniversal theories.

4 Connection to the Higgs basis

It has been recently proposed that a common SMEFT basis that is most straightforwardly
connected to observables be adopted by the precision analyses community [84]. This pro-
posal is motivated by the earlier idea of BSM primaries [108], and features a set ofe! ective
couplings that capture corrections to all the interaction vertices in the SM Lagrangian,
when the following 3 Higgs basis defining conditions (not to be confused with the oblique
parameters deÞning conditions listed in section3.1) are satisÞed:9

1) All the mass eigenstates have canonically normalized kinetic terms with no kinetic
mixing or higher-derivative self-interactions.

2) The input observablesmZ , mH , GF ,↵,↵s, mf are not modiÞed at leading order.

3) The combinations of anomalousV f f , hV f f , h2V f f interactions are proportional to
(1 +

h
v )

2.

One can choose a subset of these e! ective couplings to be independent couplings, and the
rest are dependent couplings due to the correlations of new physics e! ects at the dimension-6
level with linearly-realized electroweak symmetry breaking. The set of independent cou-
plings constitute a complete basis, called the Higgs basis, since they can be written as
independent linear combinations of Wilson coe" cients in any other basis. With a slight

9The third Higgs basis deÞning condition is not explicitly stated in a complete way in the current version
of [84], where the prescription for the h2V f f terms is not speciÞed. But it is clear from the calculations
in [84] that the condition stated here is implicitly assumed.
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Universal parameters in different bases 

¥! These expressions are related by basis transformations. 

¥! Values of universal parameters are basis-independent. 
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EGGM SILH Warsaw BE BS
ˆS g2(EWB g2( 14SW +

1
4SB g2( 1

gg0CHWB +

1
4CHJW +

1
4CHJB g2( ¯EWB g2( 14

¯SW +

1
4
¯SB)

+

1
4EW +

1
4EB) � 1

2S2JW � 1
2S2JB) � 1

2C2JW � 1
2C2JB) +

1
4
¯EW +

1
4
¯EB)

ˆT ET ST � g02

2 S2JB � 1
2CHD +

g02

2 (CHJB � C2JB)
¯ET

¯ST

W g2

4 E2W � g2

2 S2JW � g2

2 C2JW
g2

4
¯E2W

g2

4
¯S2W

Y g2

4 E2B � g2

2 S2JB � g2

2 C2JB
g2

4
¯E2B

g2

4
¯S2B

Z g2

4 E2G � g2

2 S2JG � g2

2 C2JG
g2

4
¯E2G

g2

4
¯S2G

�ḡZ1 � g2

4c2✓
EW � g2

4c2✓
(SW + SHW � g2

4c2✓
(CHJW � 2C2JW ) � g2

4c2✓
¯EW � g2

4c2✓
(

¯SW +

¯SHW )

�2S2JW )

�̄� g2EWB � g2

4 (SHW + SHB)
c✓
s✓
CHWB g2 ¯EWB � g2

4 (

¯SHW +

¯SHB)

¯�� � g2

4 E3W � g2

4 S3W � 3g
2 CW � g2

4
¯E3W � g2

4
¯S3W

¯�g � g2

4 E3G � g2

4 S3G � 3g2

2gs
CG � g2

4
¯E3G � g2

4
¯S3G

�3 �E6 � 3
2EH �S6 � 3

2SH +

g2

4 S2JW � 1
�CH + 3CH⇤ � 3

4CHD � ¯E6 � 3
2
¯EH � ¯S6 � 3

2
¯SH

� g2

4 (CHJW � C2JW ) � 1
2
¯Er � 4� ¯EK4 � 1

2
¯Sr � 4� ¯SK4

�̄F �Ey � 1
2EH �Sy � 1

2SH +

g2

4 S2JW �Cy + CH⇤ � 1
4CHD � 1

2
¯EH � 2� ¯EK4 � 1

2
¯SH � 2� ¯SK4

� g2

4 (CHJW � C2JW )

�̄V � 1
2EH � 1

2SH +

3g2

4 S2JW CH⇤ � 1
4CHD � 1

2 (
¯EH � ¯Er) � 1

2 (
¯SH � ¯Sr)

� 3g2

4 (CHJW � C2JW )

fgg 4EGG 4SGG
4
g2
s
CHG 4

¯EGG 4

¯SGG

fz� 2[2c2✓EWW � 2s2✓EBB �4s2✓SBB
2

gg0 [2c✓s✓(CHW � CHB) 2[2c2✓
¯EWW � 2s2✓

¯EBB �4s2✓
¯SBB

�(c2✓ � s2✓)EWB ] � 1
2 (SHW � SHB) �(c2✓ � s2✓)CHWB ] �(c2✓ � s2✓)

¯EWB ] � 1
2 (

¯SHW � ¯SHB)

f�� 4(EWW + EBB � EWB) 4SBB 4(

1
g2CHW +

1
g02CHB � 1

gg0CHWB) 4(

¯EWW +

¯EBB � ¯EWB) 4

¯SBB

c2y E2y S2y C2y
¯EK4

¯SK4

Table 7. The 16 universal parameters, defined in (3.36), in terms of the independent Wilson coefficients when Luniversal is written in the EGGM,
SILH, Warsaw, BE and BS bases as in (2.11), (2.16), (2.23), (2.6). These parameters generalize the oblique parameters framework, and constitute
a complete description of universal theories.
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Universal vs. non-universal: EW sector 

¥! In the general EFT, 

¥! Hatted fields are mass eigenstates. 

¥! Hatted parameters follow from redefinitions that undo new physics 
corrections of the input observables mZ, GF, ". 

¥! In universal theories, 

¥! where 

¥! Universal relations: 
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C Higgs basis couplings in the Warsaw basis

In this appendix we collect definitions of the Higgs basis couplings [10] that are relevant
for our discussion of RG e! ects in sections 3 and 4, and their expressions in terms of the
Warsaw basis Wilson coe" cients. Note that a slightly di! erent notation is adopted in [10]
compared with the original Warsaw basis paper [55]. In particular, CHW B , CHD , CH !

in [55] (and also in the present paper) translate into gg!cW B , ! 4cT , ! cH ! cT , respectively,
in [10]. Also, the ! 2H3-class operators are defined di! erently in [10] than in [55].

With the SM fields and parameters properly redefined to satisfy the Higgs basis defining
conditions [8, 10], the SMEFT contains the following terms for the charged-current (CC)
and neutral-current(NC) interactions of the SM fermions,

LCC =
ög

"
2

!
öW+

µ

"#
" ij + [ "gW q

L ]ij
$
øuL,i #µdL,j +

#
" ij + [ "gW l

L ]ij
$
ø$i #µeL,j

%
+ h.c.

&
, (C.1a)

LNC =
'

f

" öe
öc! ös!

öZµ
#
(T 3

f ! Qf ös2! )" ij + [ "gZf
L/R ]ij

$
+ öe öAµQf " ij

%
øfi #µfj , (C.1b)

where "gZf
L and "gZf

R apply to f # {uL , dL , eL , $} and f # {uR , dR , eR}, respectively, and
T 3

f = 0 is assumed for f # {uR , dR , eR}. The fields and parameters satisfying the Higgs
basis defining conditions have been denoted with hats. They are in general di! erent from
the barred fields in (B.1) which satisfy the oblique parameters defining conditions; see [8].

We have followed the conventions in [10] for the definitions of the Higgs basis couplings
in (C.1), with the exception that our "gW q

L is defined with respect to the gauge-eigenstate
fields rather than the mass-eigenstate fields. In our notation, ["gW l

L ]ij and ["gW q
L ]ij are given

by (2.13), while the anomalous Zf øf couplings are

["gZu
L ]ij $

1
2

[C(3)
Hq ]ij !

1
2

[C(1)
Hq ]ij !

2c! s!

3(c2! ! s2! )
CHW B !

3c2! + s2!
6(c2! ! s2! )

C0, (C.2a)

["gZu
R ]ij $ !

1
2

[CHu ]ij !
2c! s!

3(c2! ! s2! )
CHW B !

2s2!
3(c2! ! s2! )

C0, (C.2b)

["gZd
L ]ij $ !

1
2

[C(3)
Hq ]ij !

1
2

[C(1)
Hq ]ij +

c! s!

3(c2! ! s2! )
CHW B +

3c2! ! s2!
6(c2! ! s2! )

C0, (C.2c)

["gZd
R ]ij $ !

1
2

[CHd ]ij +
c! s!

3(c2! ! s2! )
CHW B +

s2!
3(c2! ! s2! )

C0, (C.2d)

["gZe
L ]ij $ !

1
2

[C(3)
Hl ]ij !

1
2

[C(1)
Hl ]ij +

c! s!

c2! ! s2!
CHW B +

1
2(c2! ! s2! )

C0, (C.2e)

["gZe
R ]ij $ !

1
2

[CHe]ij +
c! s!

c2! ! s2!
CHW B +

s2!
c2! ! s2!

C0, (C.2f)

["gZ "
L ]ij $

1
2

[C(3)
Hl ]ij !

1
2

[C(1)
Hl ]ij !

1
2
C0, (C.2g)

where C0 is the Wilson coe" cient combination defined in (2.14), and is identified with
"v ! cT in the notation of [10].
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�m
c2

!
c2

! ! s2
!
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2 � �✏2

2 � s2
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! ✏3

[�gWf
L ]ij (f = q, l) �ij

! c2
!

c2
! ! s2

!

�✏1
2 � s2
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!
! ✏3

"

[�gZf
L ]ij (f = uL, dL, eL, ⌫) �ij

#
T 3
f
�✏1

2 +Qf
s2

!
c2

! ! s2
!

!
�✏1

2 � ! ✏3
"$

[�gZf
R ]ij (f = uR, dR, eR) �ijQf

s2
!

c2
! ! s2

!

!
�✏1

2 � ! ✏3
"

�g1z ! ḡZ1 � �✏2
c2

!
+

s2
!

c2
! ! s2

!

!
�✏1
2s2

!
� �✏3

c2
!

"

�� ! ̄�
��

¯��

c3G � 2
3g2

sg
2
¯�g

��3 �! 3

[�yf 0
]ij (f "

= u, d, e) �ij ! ̄F
�cz ! ̄V
cgg, cz� , c�� fgg, fz� , f�� , respectively
c4f combinations ofW,Y,Z, c2y

[�gWq
R ]ij , [dV f ]ij 0

Table 3 . Higgs basis couplings in terms of the universal parameters, taken from [8]. ! ✏1,2,3 are
independent linear combinations ofˆS, ˆT ,W, Y deÞned in (2.4). c4f collectively denotes four-fermion
effective couplings, anddV f stands for the dipole-typeV ff couplings. Compared with [10], we have
written the fractional W mass shift as�m instead of�m, and deÞned[�gW q

L ]ij in the gauge-eigenstate
rather than mass-eigenstate basis.

We will call ( 2.5) Òuniversal relationsÓ from here on. Compared with [8], we have replaced
Qu, Qd, Qe by the equivalent Yu, Yd, Ye for later convenience. Each Higgs basis coupling
appearing in (2.5) represents the diagonal elements of a3 ⇥ 3 matrix in generation space
that is proportional to �ij for universal theories. Additional universal relations among 4-
fermion couplings can be written down, which do not concern us here. Essentially, the
universal relations among the generically independent Higgs basis couplings are in exact
correspondence with the correlations among the otherwise independent fermionic operator
Wilson coe! cients shown in table1, e.g.

�gWq
L = �gWl

L , [C
(3)
Hq]ij = [C

(3)
Hl ]ij

%
= �ij

g2

4

CHJW

&
. (2.6)

2.2 Overview of RG-induced nonuniversal effects

Beyond LO, renormalization is needed, and the Wilson coe! cients as renormalized La-
grangian parameters should have renormalization scalesµ associated with them. The scale
dependence of the Wilson coe! cients is captured by the RG equations, which at leading
order are governed by the anomalous dimensions�ij ,

˙Ci ⌘ 16⇡2 d

d lnµ
Ci(µ) =

'

j

�ijCj(µ). (2.7)
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Universal
Warsaw basis expression

parameter
öS g2

! 1
gg! CHW B + 1

4CHJW + 1
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2C2JB
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2 (CHJB ! C2JB )
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2 C2JG

�øgZ
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4c2!
(CHJW ! 2C2JW )

�ø! �
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CHW B
ø" � ! 3g

2 CW
ø" g ! 3g2

2gs
CG

�! 3 ! 1
�CH + 3CH ! ! 3

4CHD ! g2

4 (CHJW ! C2JW )

�ø! F ! Cy + CH ! ! 1
4CHD ! g2

4 (CHJW ! C2JW )

�ø! V CH ! ! 1
4CHD ! 3g2

4 (CHJW ! C2JW )
f gg

4
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s
CHG

f z�
2

gg!

#
2c✓s✓(CHW ! CHB ) ! (c2

✓ ! s2
✓)CHW B

$

f �� 4
! 1

g2 CHW + 1
g!2 CHB ! 1

gg! CHW B
"

c2y C2y

Table 2 . Expression of the 16 universal parameters, defined from the e! ective Lagrangian as
in (B.1), in terms of the Warsaw basis Wilson coe" cients in (2.1). These parameters completely
characterize the indirect BSM e! ects in universal theories at the dimension-6 level. More details of
the universal parameters, including their expressions in other bases, can be found in [8].

(or any other complete nonredundant basis), some of which are listed in appendixC. In
the special case of universal theories, we have worked out in [8] the Higgs basis couplings
in terms of the universal parameters. They are reproduced here in table3, where the�#
parameters [4, 56, 57] are 3 independent linear combinations oföS, öT, W , Y ,

�#1 " öT ! W !
s2
✓

c2
✓

Y, �#2 " ! W, �#3 " öS ! W ! Y. (2.4)

A universal pattern of fermion couplings can be seen from table3. In particular, all the
V f f vertex corrections depend on just 2 parameters�#1, �#3, and all the hf f vertices
are rescaled by a common factor(1 + �ø! F ). This is not the case for generic nonuniversal
theories, where the number of independent couplings is equal to the number of independent
dimension-6 operators in the full SMEFT. For universal theories, on the other hand, the
generically independent couplings are related as follows,

$gW q
L = $gW l

L ,
$gZu

R

Yu
=

$gZd
R

Yd
=

$gZe
R

Ye
,

$gZe
L + $gZ ⌫

L = $gZe
R , $gZu

L + $gZd
L = $gZu

R + $gZd
R , (2.5a)

$yu = $yd = $ye = �ø! F . (2.5b)

Ð 6 Ð

Universal
Warsaw basis expression

parameter
öS g2

! 1
gg! CHW B + 1

4CHJW + 1
4CHJB ! 1

2C2JW ! 1
2C2JB

"

öT ! 1
2CHD + g!2

2 (CHJB ! C2JB )

W ! g2

2 C2JW

Y ! g2

2 C2JB

Z ! g2

2 C2JG

�øgZ
1 ! g2

4c2
!
(CHJW ! 2C2JW )

�ø! !
c!
s!
CHW B

ø" ! ! 3g
2 CW

ø" g ! 3g2

2gs
CG

�! 3 ! 1
" CH + 3CH ⇤ ! 3

4CHD ! g2

4 (CHJW ! C2JW )

�ø! F ! Cy + CH ⇤ ! 1
4CHD ! g2

4 (CHJW ! C2JW )

�ø! V CH ⇤ ! 1
4CHD ! 3g2

4 (CHJW ! C2JW )
fgg

4
g2

s
CHG

fz!
2

gg!

#
2c#s#(CHW ! CHB ) ! (c2

# ! s2
#)CHW B

$

f!! 4
! 1

g2 CHW + 1
g!2 CHB ! 1

gg! CHW B
"

c2y C2y

Table 2. Expression of the 16 universal parameters, defined from the e! ective Lagrangian as
in (B.1), in terms of the Warsaw basis Wilson coe" cients in (2.1). These parameters completely
characterize the indirect BSM e! ects in universal theories at the dimension-6 level. More details of
the universal parameters, including their expressions in other bases, can be found in [8].

(or any other complete nonredundant basis), some of which are listed in appendixC. In
the special case of universal theories, we have worked out in [8] the Higgs basis couplings
in terms of the universal parameters. They are reproduced here in table3, where the�#
parameters [4, 56, 57] are 3 independent linear combinations oföS, öT , W , Y ,

�#1 " öT ! W !
s2

#

c2
#
Y, �#2 " ! W, �#3 " öS ! W ! Y. (2.4)

A universal pattern of fermion couplings can be seen from table3. In particular, all the
V ff vertex corrections depend on just 2 parameters�#1, �#3, and all the hff vertices
are rescaled by a common factor(1 + �ø! F ). This is not the case for generic nonuniversal
theories, where the number of independent couplings is equal to the number of independent
dimension-6 operators in the full SMEFT. For universal theories, on the other hand, the
generically independent couplings are related as follows,

$gW q
L = $gW l

L ,
$gZu

R

Yu
=

$gZd
R

Yd
=

$gZe
R

Ye
,

$gZe
L + $gZ $

L = $gZe
R , $gZu

L + $gZd
L = $gZu

R + $gZd
R , (2.5a)

$yu = $yd = $ye = �ø! F . (2.5b)
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2C2JB

"

öT ! 1
2CHD + g!2

2 (CHJB ! C2JB )

W ! g2

2 C2JW

Y ! g2

2 C2JB

Z ! g2

2 C2JG

! øgZ
1 ! g2

4c2
!
(CHJW ! 2C2JW )

! ø! !
c!
s!

CHW B
ø" ! ! 3g

2 CW
ø" g ! 3g2

2gs
CG

! ! 3 ! 1
" CH + 3CH ! ! 3

4CHD ! g2

4 (CHJW ! C2JW )

! ø! F ! Cy + CH ! ! 1
4CHD ! g2

4 (CHJW ! C2JW )

! ø! V CH ! ! 1
4CHD ! 3g2

4 (CHJW ! C2JW )
f gg

4
g2

s
CHG

f z!
2

gg!

#
2c#s#(CHW ! CHB ) ! (c2

# ! s2
#)CHW B

$

f !! 4
! 1

g2 CHW + 1
g!2 CHB ! 1

gg! CHW B
"

c2y C2y

Table 2 . Expression of the 16 universal parameters, deÞned from the e! ective Lagrangian as
in (B.1), in terms of the Warsaw basis Wilson coe" cients in (2.1). These parameters completely
characterize the indirect BSM e! ects in universal theories at the dimension-6 level. More details of
the universal parameters, including their expressions in other bases, can be found in [8].

(or any other complete nonredundant basis), some of which are listed in appendixC. In
the special case of universal theories, we have worked out in [8] the Higgs basis couplings
in terms of the universal parameters. They are reproduced here in table3, where the ! #
parameters [4, 56, 57] are 3 independent linear combinations oföS, öT, W , Y ,

! #1 " öT ! W !
s2

#

c2
#

Y, ! #2 " ! W, ! #3 " öS ! W ! Y. (2.4)

A universal pattern of fermion couplings can be seen from table3. In particular, all the
V f f vertex corrections depend on just 2 parameters! #1, ! #3, and all the hf f vertices
are rescaled by a common factor(1 + ! ø! F ). This is not the case for generic nonuniversal
theories, where the number of independent couplings is equal to the number of independent
dimension-6 operators in the full SMEFT. For universal theories, on the other hand, the
generically independent couplings are related as follows,

$gW q
L = $gW l

L ,
$gZu

R

Yu
=

$gZd
R

Yd
=

$gZe
R

Ye
,

$gZe
L + $gZ $

L = $gZe
R , $gZu

L + $gZd
L = $gZu

R + $gZd
R , (2.5a)

$yu = $yd = $ye = ! ø! F . (2.5b)
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Universal vs. non-universal: Yukawa sector 

¥! In the general EFT, 

¥! We follow the Higgs basis defining conditions (LHCHXSWG-INT-2015-001) 

¥! In universal theories, 

¥! Yukawa matrices are diagonal; ! =0; and the following universal relation 

hold: 
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The Higgs boson couplings to SM fermions, on the other hand, are given by

Lhff = �
ˆh

v

X

f ! = u,d,e

X

i,j

p

mf !
i
mf !

j
¯f !
i

⇣

! ij + [! yf !
]ij(cos " f !

ij � i sin " f !

ij #5
)

⌘

f !
j , (C.3)

For general ßavor structures of the$ 2H3-class operators, the fermion mass matrices need
to be rediagonalized to deÞne the mass eigenstatesf !

i . In universal theories (with RG effects
included), and in the approximation (4.2), the third-generation fermions are not affected
by this rotation. We have " f

ij = 0, and

! yt = [! yu]33 = � [CuH ]33

yt
+ CH! � C0, (C.4a)

! yb = [! yd]33 = � [CdH ]33

yb
+ CH! � C0, (C.4b)

! y⌧ = [! ye]33 = � [CeH ]33

y⌧
+ CH! � C0. (C.4c)
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Table 2 . Expression of the 16 universal parameters, deÞned from the e! ective Lagrangian as
in (B.1), in terms of the Warsaw basis Wilson coe" cients in (2.1). These parameters completely
characterize the indirect BSM e! ects in universal theories at the dimension-6 level. More details of
the universal parameters, including their expressions in other bases, can be found in [8].

(or any other complete nonredundant basis), some of which are listed in appendixC. In
the special case of universal theories, we have worked out in [8] the Higgs basis couplings
in terms of the universal parameters. They are reproduced here in table3, where the ! #
parameters [4, 56, 57] are 3 independent linear combinations oföS, öT, W , Y ,

! #1 " öT ! W !
s2

#

c2
#

Y, ! #2 " ! W, ! #3 " öS ! W ! Y. (2.4)

A universal pattern of fermion couplings can be seen from table3. In particular, all the
V f f vertex corrections depend on just 2 parameters! #1, ! #3, and all the hf f vertices
are rescaled by a common factor(1 + ! ø! F ). This is not the case for generic nonuniversal
theories, where the number of independent couplings is equal to the number of independent
dimension-6 operators in the full SMEFT. For universal theories, on the other hand, the
generically independent couplings are related as follows,

$gW q
L = $gW l

L ,
$gZu

R

Yu
=

$gZd
R

Yd
=

$gZe
R

Ye
,

$gZe
L + $gZ $

L = $gZe
R , $gZu

L + $gZd
L = $gZu

R + $gZd
R , (2.5a)

$yu = $yd = $ye = ! ø! F . (2.5b)
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Universal theories can flow to non-universal theories 

¥! Though the full SMEFT parameter space must be closed under RG, 
the 16-dimensional subspace defining universal theories is not. 

¥! It is not meaningful to talk about running of oblique parameters without 
additional prescriptions. 

¥! Use of oblique parameters is not a priori justified at the EW scale (where 

the theory is non-universal). 

¥! Two example observables:                                     , 

¥! Our RG analysis in 1512.03056 makes use of the recently calculated 
anomalous dimensions of dimension-6 operators: 

¥! Jenkins, Manohar, Trott, 1308.2627, 1310.4838. 

¥! Alonso, Jenkins, Manohar, Trott, 1312.2014. 
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c! = gp
g2+ g!2

, s! = g!p
g2+ g!2

are alsoµ-dependent. The running of the Higgs basis cou-

plings with µ follows from the RG equations for the Warsaw basis Wilson coe! cients and
the SM parameters. For universal theories at! , the universal relations in (2.5) should
actually read ! gW q

L (! ) = ! gW l
L (! ), etc. After RG evolution down to the electroweak

scale, these relations are violated in the sense that! gW q
L (µEW ) 6= ! gW l

L (µEW ), etc., due

to [C(3)
Hq (µEW )]ij 6= [ C(3)

Hl (µEW )]ij , etc., as mentioned below (2.12). This was already al-
luded to in Þgure 1, and will be demonstrated in detail in the next section. DeÞned in
this way, the Higgs basis couplings renormalized atµEW directly map onto ø! NP öO. Two
example observables we will discuss later areR" ⌘ " had/ " (Z ! "+ "! ) (assuming lepton
ßavor universality) and Rb ⌘ " (Z ! bøb)/ " had, where " had is the hadronic Z decay partial
width. From their LO expressions,

R" =
3
n 2
P

i =1

h

�

[gZu
L ]ii

�2 +
�

[gZu
R ]ii

�2
i

+
3
P

i =1

h

�

[gZd
L ]ii

�2 +
�

[gZd
R ]ii

�2
io

�

[gZe
L ]jj

�2 +
�

[gZe
R ]jj

�2 (j = 1 , 2, or 3),

(2.15a)

Rb =

�

[gZd
L ]33

�2 +
�

[gZd
R ]33

�2

2
P

i =1

h

�

[gZu
L ]ii

�2 +
�

[gZu
R ]ii

�2
i

+
3
P

i =1

h

�

[gZd
L ]ii

�2 +
�

[gZd
R ]ii

�2
i

, (2.15b)

where[gZf
L,R ]ij = ! ij gZf

L,R +[ ! gZf
L,R (µEW )]ij with gZf

L ⌘ T3
f �Qf s2

! (µEW ), gZf
R ⌘ �Qf s2

! (µEW ),
it follows that the fractional corrections with respect to the SM are given by

ø! NP R" = ø! NP " had � 2
(gZe

L )2 + ( gZe
R )2

�

gZe
L [! gZe

L (µEW )]jj + gZe
R [! gZe

R (µEW )]jj
�

, (2.16a)

ø! NP Rb =
2

(gZd
L )2 + ( gZd

R )2

�

gZd
L [! gZd

L (µEW )]33 + gZd
R [! gZd

R (µEW )]33
�� ø! NP " had, (2.16b)

where

ø! NP " had =
2

2
h

(gZu
L )2 + ( gZu

R )2
i

+ 3
h

(gZd
L )2 + ( gZd

R )2
i ⇥

⇢ 2
X

i =1

⇣

gZu
L [! gZu

L (µEW )]ii + gZu
R [! gZu

R (µEW )]ii

⌘

+
3

X

i =1

⇣

gZd
L [! gZd

L (µEW )]ii + gZd
R [! gZd

R (µEW )]ii

⌘

�

. (2.17)

The Higgs basis couplings involved in these equations are given by (C.2) in terms of the
Warsaw basis Wilson coe! cients.

To end this subsection, we comment on a subtlety associated with deÞning phenomeno-
logical parameters in the electroweak symmetry broken phase. The renormalized vacuum
expectation value of the Higgs Þeld is a scheme-dependent quantity. To avoid introducing
unnecessary scheme dependence into the running of the Wilson coe! cients, we take the
v appearing in (2.1) to be simply a constant, say 246.2 GeV. As a consequence, when the
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c! = g!
g2+ g!2

, s! = g!
!

g2+ g!2
are alsoµ-dependent. The running of the Higgs basis cou-

plings with µ follows from the RG equations for the Warsaw basis Wilson coe! cients and
the SM parameters. For universal theories at! , the universal relations in (2.5) should
actually read ! gW q

L (! ) = ! gW l
L (! ), etc. After RG evolution down to the electroweak

scale, these relations are violated in the sense that! gW q
L (µEW ) "= ! gW l

L (µEW ), etc., due

to [C(3)
Hq (µEW )]ij "= [ C(3)

Hl (µEW )]ij , etc., as mentioned below (2.12). This was already al-
luded to in Þgure 1, and will be demonstrated in detail in the next section. DeÞned in
this way, the Higgs basis couplings renormalized atµEW directly map onto ø! NP öO. Two
example observables we will discuss later areR" # " had/ " (Z $ "+ "! ) (assuming lepton
ßavor universality) and Rb # " (Z $ bøb)/ " had, where " had is the hadronic Z decay partial
width. From their LO expressions,

R" =
3
! 2"

i =1

#$
[gZu

L ]ii
%2 +

$
[gZu

R ]ii
%2

&
+

3"

i =1

#$
[gZd

L ]ii
%2 +

$
[gZd

R ]ii
%2

&'

$
[gZe

L ]jj
%2 +

$
[gZe

R ]jj
%2 (j = 1 , 2, or 3),

(2.15a)

Rb =

$
[gZd

L ]33
%2 +

$
[gZd

R ]33
%2

2"

i =1

#$
[gZu

L ]ii
%2 +

$
[gZu

R ]ii
%2

&
+

3"

i =1

#$
[gZd

L ]ii
%2 +

$
[gZd

R ]ii
%2

&, (2.15b)

where[gZf
L,R ]ij = ! ij gZf

L,R +[ ! gZf
L,R (µEW )]ij with gZf

L # T3
f %Qf s2

! (µEW ), gZf
R # %Qf s2

! (µEW ),
it follows that the fractional corrections with respect to the SM are given by

ø! NP R" = ø! NP " had %
2

(gZe
L )2 + ( gZe

R )2

$
gZe

L [! gZe
L (µEW )]jj + gZe

R [! gZe
R (µEW )]jj

%
, (2.16a)

ø! NP Rb =
2

(gZd
L )2 + ( gZd

R )2

$
gZd

L [! gZd
L (µEW )]33 + gZd

R [! gZd
R (µEW )]33

%
% ø! NP " had, (2.16b)

where

ø! NP " had =
2

2
#
(gZu

L )2 + ( gZu
R )2

&
+ 3

#
(gZd

L )2 + ( gZd
R )2

&&

( 2)

i =1

*
gZu

L [! gZu
L (µEW )]ii + gZu

R [! gZu
R (µEW )]ii

+

+
3)

i =1

*
gZd

L [! gZd
L (µEW )]ii + gZd

R [! gZd
R (µEW )]ii

+,
. (2.17)

The Higgs basis couplings involved in these equations are given by (C.2) in terms of the
Warsaw basis Wilson coe! cients.

To end this subsection, we comment on a subtlety associated with deÞning phenomeno-
logical parameters in the electroweak symmetry broken phase. The renormalized vacuum
expectation value of the Higgs Þeld is a scheme-dependent quantity. To avoid introducing
unnecessary scheme dependence into the running of the Wilson coe! cients, we take the
v appearing in (2.1) to be simply a constant, say 246.2 GeV. As a consequence, when the
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¥! The oblique parameters fit must be extended for consistency beyond LO. 
(Note: still 16 underlying free parameters.) 
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deÞned in (3.12). The latter could then be mapped onto constraints on the universal pa-
rameters at the new physics scale! , following the sum of (3.11) and (3.21).

In reality, however, the additional LL terms due to RG-induced nonuniversal e! ects,
which involve some less-constrained universal parameters, may not be negligible compared
with LO contributions from öS, öT, W , Y , as well as experimental and SM theoretical
uncertainties. If this is the case, one should go beyond LO for a consistent Þt of universal
theories to precision electroweak data. But as far as universal theories are concerned, the
underlying number of free parameters is still much smaller than that in the full SMEFT.
At the LL order, only a few additional parameters, deÞned by linear combinations of the
universal parameters at ! , are su" cient. While a full-ßedged global analysis is beyond
the scope of the present paper, we will illustrate this point with an example in the next
subsection.

3.4 Example: R! and Rb in universal theories

We consider the two observablesR! and Rb introduced at the end of section2.2, and see how
their SMEFT predictions are a! ected by the additional nonuniversal LL terms. Similar to
the examples shown in the previous subsections, namely (3.16) and (3.22), the Higgs basis
couplings renormalized atµEW that appear in (2.16) can be worked out. Eq. (2.16) then
becomes, numerically,

ø�NP R! = �0.36
⇥

" ✏3(µEW ) � c2" " ✏1(µEW )
⇤

+
ln( ! /µ EW )

3
(0.13Z � 0.053" øgZ

1 + 0 .0028" ø# � 0.0091c2y), (3.23a)

ø�NP Rb = 0 .079
⇥

" ✏3(µEW ) � c2" " ✏1(µEW )
⇤

+
ln( ! /µ EW )

3
(�0.19" øgZ

1 + 0 .010" ø# � 0.032c2y), (3.23b)

where

" ✏3(µEW ) � c2" " ✏1(µEW ) = öS(µEW ) � 0.77öT(µEW ) � 0.23W (µEW ) � 0.77Y(µEW ) (3.24)

is a common oblique parameters combination entering the two observables at LO, expressed
in terms of the " ✏ parameters deÞned in (2.4).4 We have neglected the additional LL terms
proportional to öS, öT, W , Y , since these parameters already appear in the LO expressions.
The numerical impact of these neglected terms is to correct the coe" cients of " ✏3(µEW ) �
c2" " ✏1(µEW ) by order 1

16$2 ln ⇤
µEW

numbers, and is expected to be less important than the
invasion of additional, possibly less-constrained parametersZ , " øgZ

1 , " ø#, c2y through RG
evolution from ! to µEW .

The various terms in (3.23) shift the theory predictions for R! and Rb in di ! erent
directions in the R! -Rb plane. This is shown by the dashed lines in Þgure2, assuming

4With only observables involving ratios of Zff̄ couplings such as R` and Rb, one cannot break this
degeneracy, because gZf

i + �gZf
i = (1 + �✏1

2 )gZf
i � Qf

s2✓
c2✓�s2✓

(�✏3 � c2✓�✏1), for both i = L,R. When

�✏3�c2✓�✏1 = 0, all Zff̄ couplings are rescaled by a common factor, and ratios of couplings are unchanged.
This flat direction can be lifted by considering other observables such as the Z boson total width.
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other phenomenological parameters 
characterizing universal theories 
(linear combinations of Wilson coefficients) 

Universal
Warsaw basis expression

parameter
öS g2

! 1
gg! CHW B + 1

4CHJW + 1
4CHJB ! 1

2C2JW ! 1
2C2JB
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2CHD + g!2

2 (CHJB ! C2JB )
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4c2
!
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�ø! !
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ø" ! ! 3g
2 CW

ø" g ! 3g2

2gs
CG

�! 3 ! 1
" CH + 3CH ⇤ ! 3

4CHD ! g2
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�ø! F ! Cy + CH ⇤ ! 1
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fgg
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CHG
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#
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# ! s2
#)CHW B

$

f!! 4
! 1

g2 CHW + 1
g!2 CHB ! 1

gg! CHW B
"
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Table 2. Expression of the 16 universal parameters, defined from the e! ective Lagrangian as
in (B.1), in terms of the Warsaw basis Wilson coe" cients in (2.1). These parameters completely
characterize the indirect BSM e! ects in universal theories at the dimension-6 level. More details of
the universal parameters, including their expressions in other bases, can be found in [8].

(or any other complete nonredundant basis), some of which are listed in appendixC. In
the special case of universal theories, we have worked out in [8] the Higgs basis couplings
in terms of the universal parameters. They are reproduced here in table3, where the�#
parameters [4, 56, 57] are 3 independent linear combinations oföS, öT , W , Y ,

�#1 " öT ! W !
s2

#

c2
#
Y, �#2 " ! W, �#3 " öS ! W ! Y. (2.4)

A universal pattern of fermion couplings can be seen from table3. In particular, all the
V ff vertex corrections depend on just 2 parameters�#1, �#3, and all the hff vertices
are rescaled by a common factor(1 + �ø! F ). This is not the case for generic nonuniversal
theories, where the number of independent couplings is equal to the number of independent
dimension-6 operators in the full SMEFT. For universal theories, on the other hand, the
generically independent couplings are related as follows,

$gW q
L = $gW l

L ,
$gZu

R

Yu
=

$gZd
R

Yd
=

$gZe
R

Ye
,

$gZe
L + $gZ $

L = $gZe
R , $gZu

L + $gZd
L = $gZu

R + $gZd
R , (2.5a)

$yu = $yd = $ye = �ø! F . (2.5b)
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Warsaw basis expression
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W ! g2

2 C2JW

Y ! g2

2 C2JB

Z ! g2

2 C2JG

! øgZ
1 ! g2

4c2
!
(CHJW ! 2C2JW )

! ø! !
c!
s!

CHW B
ø" ! ! 3g

2 CW
ø" g ! 3g2

2gs
CG

! ! 3 ! 1
" CH + 3CH ! ! 3

4CHD ! g2

4 (CHJW ! C2JW )

! ø! F ! Cy + CH ! ! 1
4CHD ! g2

4 (CHJW ! C2JW )

! ø! V CH ! ! 1
4CHD ! 3g2

4 (CHJW ! C2JW )
f gg

4
g2

s
CHG

f z!
2

gg!

#
2c#s#(CHW ! CHB ) ! (c2

# ! s2
#)CHW B

$

f !! 4
! 1

g2 CHW + 1
g!2 CHB ! 1

gg! CHW B
"

c2y C2y

Table 2 . Expression of the 16 universal parameters, deÞned from the e! ective Lagrangian as
in (B.1), in terms of the Warsaw basis Wilson coe" cients in (2.1). These parameters completely
characterize the indirect BSM e! ects in universal theories at the dimension-6 level. More details of
the universal parameters, including their expressions in other bases, can be found in [8].

(or any other complete nonredundant basis), some of which are listed in appendixC. In
the special case of universal theories, we have worked out in [8] the Higgs basis couplings
in terms of the universal parameters. They are reproduced here in table3, where the ! #
parameters [4, 56, 57] are 3 independent linear combinations oföS, öT, W , Y ,

! #1 " öT ! W !
s2

#

c2
#

Y, ! #2 " ! W, ! #3 " öS ! W ! Y. (2.4)

A universal pattern of fermion couplings can be seen from table3. In particular, all the
V f f vertex corrections depend on just 2 parameters! #1, ! #3, and all the hf f vertices
are rescaled by a common factor(1 + ! ø! F ). This is not the case for generic nonuniversal
theories, where the number of independent couplings is equal to the number of independent
dimension-6 operators in the full SMEFT. For universal theories, on the other hand, the
generically independent couplings are related as follows,

$gW q
L = $gW l

L ,
$gZu

R

Yu
=

$gZd
R

Yd
=

$gZe
R

Ye
,

$gZe
L + $gZ $

L = $gZe
R , $gZu

L + $gZd
L = $gZu

R + $gZd
R , (2.5a)

$yu = $yd = $ye = ! ø! F . (2.5b)
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W ±
Z/ !

Z

bL

tL

tL

" ±

bL

h

Figure 1 . Examples showing how nonuniversal e! ects can be generated by universal oblique
corrections. Left: e! ective W qq! and W #$ couplings are renormalized di! erently, due to the
di! erent couplings of quarks and leptons to neutral gauge bosons.Middle: the ZbL

øbL coupling
is singled out among all the Zf øf couplings probed by Z -pole measurements for relatively large
running e! ects proportional to y2

t , via loop corrections involving the charged Goldstone boson (or
the longitudinal W ± if one uses the unitary gauge).Right: the Higgs boson couplings to the up-
and down-type quarks and leptons are renormalized di! erently, due to di! erent gauge interactions
of the fermions. In each example, the interactions generated for the SM fermions are not in the
form of the SM currents, and thus the corresponding operators cannot be eliminated in favor of
bosonic operators. These examples, as well as many others, can be more rigorously formulated in
terms of SU(2)L ! U(1)Y invariant operators, but we prefer to give a more intuitive illustration at
this stage. The arguments here will be made concrete in sections3 and 4.

assuming there are no new light states and the new physics scale! is much higher than the
electroweak scaleµEW .

Reconciliation of the oblique parameters formalism and the more general SMEFT is
based on the realization that the former is generally speaking only applicable to universal
theories, a restricted class of BSM theories whose SMEFT representation can be cast in a
form that involves bosonic operators only [8] (see also [9] for an earlier study with similar
motivations). By bosonic operators, we mean dimension-6 operators built from the SM
bosons. There are 16 of them one can possibly write down that are independent and
CP-even, as we have shown in [8], so the effective theory of universal theories has a 16-
dimensional parameter space, independent of the SMEFT basis choice. In turn, they can be
mapped onto 16 independent phenomenological parameters, calledÒuniversal parametersÓ
in [8], 5 of which coincide with the familiar oblique parameters. At leading order (LO) in
v2

⇤2 , they lead to a universal pattern of deviations from the SM. In the recently-proposed
Higgs basis framework [10], this pattern is encoded in a set of relations among the otherwise
independent effective couplings.

Beyond LO, however, complications can arise. In particular, the 16-dimensional pa-
rameter space of universal theories, being a subspace of the full SMEFT parameter space,
is not guaranteed to be closed under renormalization group (RG) evolution. In fact, it is in-
tuitively clear that nonuniversal effects can indeed be generated by RG, because even if one
starts with a bosonic basis (consisting of 16 independent bosonic operators) [8], fermionic
operators, i.e. operators containing SM fermions, can be generated that are not organized
into the SM currents and hence cannot be eliminated in favor of bosonic operators. Three
examples involving oblique corrections are illustrated in Þgure1. This qualitative argument

Ð 2 Ð
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Challenge: how to define oblique parameters at the EW scale? 

¥! Our strategy: 

¥! With additional prescriptions, separate RG evolution into universal and 

non-universal parts. 

¥! Absorb the universal part into the running of oblique parameters. 

¥! Account for non-universal part separately when calculating observables. 

¥! With our prescriptions in 1512.03056, 

¥! The non-universal part is practically negligible for most EW observables. 

¥! Exceptions are those involving tL, bL, tR (due to yt~1). 

¥! Two examples: 
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c! = gp
g2+ g!2

, s! = g!p
g2+ g!2

are alsoµ-dependent. The running of the Higgs basis cou-

plings with µ follows from the RG equations for the Warsaw basis Wilson coe! cients and
the SM parameters. For universal theories at! , the universal relations in (2.5) should
actually read ! gW q

L (! ) = ! gW l
L (! ), etc. After RG evolution down to the electroweak

scale, these relations are violated in the sense that! gW q
L (µEW ) 6= ! gW l

L (µEW ), etc., due

to [C(3)
Hq (µEW )]ij 6= [ C(3)

Hl (µEW )]ij , etc., as mentioned below (2.12). This was already al-
luded to in Þgure 1, and will be demonstrated in detail in the next section. DeÞned in
this way, the Higgs basis couplings renormalized atµEW directly map onto ø! NP öO. Two
example observables we will discuss later areR" ⌘ " had/ " (Z ! "+ "! ) (assuming lepton
ßavor universality) and Rb ⌘ " (Z ! bøb)/ " had, where " had is the hadronic Z decay partial
width. From their LO expressions,

R" =
3
n 2
P

i =1

h

�

[gZu
L ]ii

�2 +
�

[gZu
R ]ii

�2
i

+
3
P

i =1

h

�

[gZd
L ]ii

�2 +
�

[gZd
R ]ii

�2
io

�

[gZe
L ]jj

�2 +
�

[gZe
R ]jj

�2 (j = 1 , 2, or 3),

(2.15a)

Rb =

�

[gZd
L ]33

�2 +
�

[gZd
R ]33

�2

2
P

i =1

h

�

[gZu
L ]ii

�2 +
�

[gZu
R ]ii

�2
i

+
3
P

i =1

h

�

[gZd
L ]ii

�2 +
�

[gZd
R ]ii

�2
i

, (2.15b)

where[gZf
L,R ]ij = ! ij gZf

L,R +[ ! gZf
L,R (µEW )]ij with gZf

L ⌘ T3
f �Qf s2

! (µEW ), gZf
R ⌘ �Qf s2

! (µEW ),
it follows that the fractional corrections with respect to the SM are given by

ø! NP R" = ø! NP " had � 2
(gZe

L )2 + ( gZe
R )2

�

gZe
L [! gZe

L (µEW )]jj + gZe
R [! gZe

R (µEW )]jj
�

, (2.16a)

ø! NP Rb =
2

(gZd
L )2 + ( gZd

R )2

�

gZd
L [! gZd

L (µEW )]33 + gZd
R [! gZd

R (µEW )]33
�� ø! NP " had, (2.16b)

where

ø! NP " had =
2

2
h

(gZu
L )2 + ( gZu

R )2
i

+ 3
h

(gZd
L )2 + ( gZd

R )2
i ⇥

⇢ 2
X

i =1

⇣

gZu
L [! gZu

L (µEW )]ii + gZu
R [! gZu

R (µEW )]ii

⌘

+
3

X

i =1

⇣

gZd
L [! gZd

L (µEW )]ii + gZd
R [! gZd

R (µEW )]ii

⌘

�

. (2.17)

The Higgs basis couplings involved in these equations are given by (C.2) in terms of the
Warsaw basis Wilson coe! cients.

To end this subsection, we comment on a subtlety associated with deÞning phenomeno-
logical parameters in the electroweak symmetry broken phase. The renormalized vacuum
expectation value of the Higgs Þeld is a scheme-dependent quantity. To avoid introducing
unnecessary scheme dependence into the running of the Wilson coe! cients, we take the
v appearing in (2.1) to be simply a constant, say 246.2 GeV. As a consequence, when the
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c! = g!
g2+ g!2

, s! = g!
!

g2+ g!2
are alsoµ-dependent. The running of the Higgs basis cou-

plings with µ follows from the RG equations for the Warsaw basis Wilson coe! cients and
the SM parameters. For universal theories at! , the universal relations in (2.5) should
actually read ! gW q

L (! ) = ! gW l
L (! ), etc. After RG evolution down to the electroweak

scale, these relations are violated in the sense that! gW q
L (µEW ) "= ! gW l

L (µEW ), etc., due

to [C(3)
Hq (µEW )]ij "= [ C(3)

Hl (µEW )]ij , etc., as mentioned below (2.12). This was already al-
luded to in Þgure 1, and will be demonstrated in detail in the next section. DeÞned in
this way, the Higgs basis couplings renormalized atµEW directly map onto ø! NP öO. Two
example observables we will discuss later areR" # " had/ " (Z $ "+ "! ) (assuming lepton
ßavor universality) and Rb # " (Z $ bøb)/ " had, where " had is the hadronic Z decay partial
width. From their LO expressions,

R" =
3
! 2"

i =1

#$
[gZu

L ]ii
%2 +

$
[gZu

R ]ii
%2

&
+

3"

i =1

#$
[gZd

L ]ii
%2 +

$
[gZd

R ]ii
%2

&'

$
[gZe

L ]jj
%2 +

$
[gZe

R ]jj
%2 (j = 1 , 2, or 3),

(2.15a)

Rb =

$
[gZd

L ]33
%2 +

$
[gZd

R ]33
%2

2"

i =1

#$
[gZu

L ]ii
%2 +

$
[gZu

R ]ii
%2

&
+

3"

i =1

#$
[gZd

L ]ii
%2 +

$
[gZd

R ]ii
%2

&, (2.15b)

where[gZf
L,R ]ij = ! ij gZf

L,R +[ ! gZf
L,R (µEW )]ij with gZf

L # T3
f %Qf s2

! (µEW ), gZf
R # %Qf s2

! (µEW ),
it follows that the fractional corrections with respect to the SM are given by

ø! NP R" = ø! NP " had %
2

(gZe
L )2 + ( gZe

R )2

$
gZe

L [! gZe
L (µEW )]jj + gZe

R [! gZe
R (µEW )]jj

%
, (2.16a)

ø! NP Rb =
2

(gZd
L )2 + ( gZd

R )2

$
gZd

L [! gZd
L (µEW )]33 + gZd

R [! gZd
R (µEW )]33

%
% ø! NP " had, (2.16b)

where

ø! NP " had =
2

2
#
(gZu

L )2 + ( gZu
R )2

&
+ 3

#
(gZd

L )2 + ( gZd
R )2

&&

( 2)

i =1

*
gZu

L [! gZu
L (µEW )]ii + gZu

R [! gZu
R (µEW )]ii

+

+
3)

i =1

*
gZd

L [! gZd
L (µEW )]ii + gZd

R [! gZd
R (µEW )]ii

+,
. (2.17)

The Higgs basis couplings involved in these equations are given by (C.2) in terms of the
Warsaw basis Wilson coe! cients.

To end this subsection, we comment on a subtlety associated with deÞning phenomeno-
logical parameters in the electroweak symmetry broken phase. The renormalized vacuum
expectation value of the Higgs Þeld is a scheme-dependent quantity. To avoid introducing
unnecessary scheme dependence into the running of the Wilson coe! cients, we take the
v appearing in (2.1) to be simply a constant, say 246.2 GeV. As a consequence, when the
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Similarly, úZ = 0 . In (3.11) we have recast the Wilson coe! cients on the RHS in terms of
universal parameters. Following these evolution equations from ! to µEW , we obtain the
oblique parameters at the electroweak scale,

öS(µEW ) = öS(! ) !
1

16! 2 ln
!

µEW

úöS, (3.12a)

öT(µEW ) = öT(! ) !
1

16! 2 ln
!

µEW

úöT, (3.12b)

W (µEW ) = W (! ) !
1

16! 2 ln
!

µEW

úW , (3.12c)

Y(µEW ) = Y(! ) !
1

16! 2 ln
!

µEW

úY , (3.12d)

which are to be used to calculate the observables, or alternatively, the Higgs basis couplings
at µ = µEW , in the electroweak sector. For example,

["gW l
L (µEW )]ij = [ "gW q

L (µEW )]ij = " ij

! c2
!

c2
! ! s2

!

" #1(µEW )
2

!
s2

!

c2
! ! s2

!
" #3(µEW )

"

=
" ij

2(c2
! ! s2

! )

!
! 2s2

!
öS(µEW ) + c2

!
öT(µEW ) ! (c2

! ! 2s2
! )W (µEW ) + s2

! Y (µEW )
"
, (3.13)

where the SM parameters c! , s! are also renormalized at µ = µEW . We stress again that
(3.11), (3.12), (3.13) are unambiguous only in the universal limit W (! ) = Y(! ) = Z (! ) =
0, yf = 0 [we have kept W (! ), Y(! ) in (3.12) for later convenience]; otherwise the theory
becomes nonuniversal after RG evolution and it is not even clear how to define the oblique
parameters at µEW . We will go beyond this limit in the next subsection.

One interesting observation from (3.11) is that, with our definition of universal parame-
ters, and in the special universal limit discussed above where these equations are meaningful,
the öS and öT parameters mix under RG evolution. This is true despite the fact that CHW B

and CHD , which contribute to öS and öT , respectively, do not mix in the Warsaw basis, even
when the full SMEFT is considered [19]. The reason is that, as is clear from table 2, öS
and öT should not be identiÞed withCHW B and CHD . The additional contributions to these
oblique parameters lead to the mixing observed here.

3.2 Nonuniversal e ! ects beyond the universal limit

Now we are ready to turn back on the LO C2JW , C2JB , C2JG (while still assuming yf " 0),
and study the nonuniversal e" ects due to their contributions to the RG evolution. These
e" ects are conveniently represented by violations of the universal relations (2.5a). Using
(3.2), together with the relations between the Higgs basis couplings and the Warsaw basis
Wilson coe! cients given by (2.13) and (C.2), we find

" úgW q
L ! " úgW l

L = úC(3)
Hq ! úC(3)

Hl = g2
#

!
4
27

g!2C2JB +
8
9

g2
sC2JG

$
=

8
27

(g!2Y ! 6g2
sZ ),

(3.14a)
" úgZu

R

Yu
!

" úgZd
R

Yd
= !

1
2

# úCHu

Yu
!

úCHd

Yd

$
= !

g!2

2
4
9

g!2C2JB =
4
9

s2
!

c2
!

g!2Y, (3.14b)
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{ Y 2
q , 2Yl Yq, Y 2

u , Y 2
d , Y 2

e , 2YuYd, 2YuYe, 2YdYe, 2YqYu, 2YqYd, 2YqYe, 2Yl Yu, 2Yl Yd, 2Yl Ye}

! ij ! kl g!2
! g!2

3
CHJB

"
, (3.7c)

[ úC(8)
ud ]ijkl = [ úC(8)

qu ]ijkl = [ úC(8)
qd ]ijkl = 0 . (3.7d)

The pattern in these equations, when compared with (3.6), indicates that in the universal
limit deÞned above, the 4-fermion interactions are also universal after RG evolution. Thus,
as in (3.3), we can unambiguously deÞne

C2JW (µEW ) = !
1

16" 2 ln
!

µEW

úC2JW , (3.8a)

C2JB (µEW ) = !
1

16" 2 ln
!

µEW

úC2JB , (3.8b)

where

úC2JW =
g2

3
CHJW , (3.9a)

úC2JB =
g!2

3
CHJB . (3.9b)

Here the running of g and g! is not relevant, since úg, úg! are multiplied by the values of
C2JW , C2JB at LO which vanish. We see that, if the operatorsQ2JW , Q2JB are not gener-
ated by the universal new physics atµ = ! , they will be generated at one-loop level by RG
evolution down to µ = µEW , and result in a universal pattern in the 4-fermion interactions
at the electroweak scale. The operatorQ2JG , on the other hand, is not generated by RG
evolution at this order if it is absent at the new physics scale.

Eqs. (3.3) and (3.9) allow us to write down meaningful RG equations for the oblique
parameters in the universal limit, namely yf = 0 , and C2JW = C2JB = C2JG = 0 , or
equivalently W = Y = Z = 0 , at µ = ! . To do so, we further need table2, the RG
equations for the bosonic Wilson coe! cients from [17, 19],

úCHW B =
! 4

3
g2 +

19
3

g!2 + 4#
"

CHW B ! 3g2g!CW + 2gg!(CHW + CHB ), (3.10a)

úCHD =
! 9

2
g2 !

5
6

g!2 + 12#
"

CHD +
20
3

g!2CH ! +
40
3

g!4CHJB , (3.10b)

and the running of the SM gauge couplings (3.5). The results are

úöS = !
1
3

(19g2 ! g!2) öS !
1
2

g2 öT !
1
3

(27g2 ! g!2)c2
! " øgZ

1 +
1
6

(33g2 + g!2 + 24#)" ø$" + 2g2ø#"

+
1
3

g2" ø$V +
1
2

g2(g2 ! g!2)f z" + e2g2f "" (3.11a)

úöT =
3
2

(3g2 + 8#)
#

öT ! 2
s2

!

c2
!

( öS ! " ø$" )
$

! 24#s2
! " øgZ

1 ! 3g!2" ø$V , (3.11b)

úW =
2
3

g2c2
! " øgZ

1 , (3.11c)

úY = !
2
3

g!2( öS + c2
! " øgZ

1 ! " ø$" ). (3.11d)
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[ úCeH ]33 = y!

! "
15y2

t + 24! !
27
4

g2 !
21
4

g!2
#

Cy ! 12y2
t (y2

t ! ! )C2y

!
"

3y2
t ! 3! ! 4g2 +

3
2

g!2
#

g2CHJW +
"

! !
3
2

g2 + 3g!2
#

g!2CHJB

! 8! g!2C2JB !
"

4! !
10
3

g2
#

CH ! +
"

2! !
3
2

g2 +
3
2

g!2
#

CHD

! 3gg!CHW B + 9g2CHW + 15g!2CHB

$
. (4.3c)

While there are overlapping terms in these equations, there is no obvious well-motivated
way to make the separation between universal vs. nonuniversal effects. We thus refrain from
defining the running of �ø" F as we did for the oblique parameters in the previous section,
but simply present the violation of the universal relation (2.5b) at the electroweak scale.
To do so, we note that, in our notation,

#yt ! #yb = !
%

[CuH ]33

yt
!

[CdH ]33

yb

&
, #yb ! #y! = !

%
[CdH ]33

yb
!

[CeH ]33

y!

&
, (4.4)

where #yt , #yb, #y! represent [#yu]33, [#yd]33, [#ye]33, respectively; see (C.4). Combining
(3.2) and the one-loop running of the SM Yukawa couplings,

úyt = yt

" 9
2

y2
t ! 8g2

s !
9
4

g2 !
17
12

g!2
#

, (4.5a)

úyb = yb

" 3
2

y2
t ! 8g2

s !
9
4

g2 !
5
12

g!2
#

, (4.5b)

úy! = y!

"
3y2

t !
9
4

g2 !
15
4

g!2
#

, (4.5c)

we obtain

#yt (µEW) ! #yb(µEW) = !
1

16$2 ln
⇤

µEW
( ú#yt ! ú#yb)

=
1

16$2 ln
⇤

µEW

'
! 6y2

t (2�ø" F ! �ø" V ) + 4 g!2s2
"�øgZ

1 ! 2g!2 s2
"

c2
"
�ø" #

! 2(g2 ! 2g!2)
s2

"

c2
"

öS + y2
t

öT + (3 y2
t + 2g!2)W !

" 41
9

y2
t !

16
3

! ! 2g2 + 4g!2
# s2

"

c2
"

Y

!
128
3

y2
t

g2
s

g2 Z + 2( y2
t ! ! )y2

t c2y + g!2(e2f ## ! g!2f z#)
(

"
ln(⇤/µ EW)

3
(! 0.23�ø" F + 0 .11�ø" V + 0 .0022�øgZ

1 ! 0.0014�ø" # ! 0.0019öS + 0 .019öT

+0 .061W ! 0.020Y ! 2.8Z + 0 .032c2y + 0 .00023f ## ! 0.00031f z#), (4.6a)

#yb(µEW) ! #y! (µEW) = !
1

16$2 ln
⇤

µEW
( ú#yb ! ú#y! )

=
1

16$2 ln
⇤

µEW

'
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t (�ø" F ! �ø" V ) !
40
3

g!2s2
"�øgZ

1 +
20
3

g!2 s2
"

c2
"
�ø" #

+4
"

g2 !
10
3

g!2
# s2

"

c2
"

öS !
"

3y2
t + 4g!2

#
W ! 4

" 40
9

! + g2 !
10
3

g!2
# s2

"

c2
"

Y

– 23 –

+

128

3

�
g2s
g2

Z � 2(y2t � �)y2t c2y + 8g4sfgg �
10

3

g02(e2f�� � g02fz�)
i

' ln(⇤/µEW)

3

(0.056�̄F � 0.056�̄V � 0.0074�ḡZ1 + 0.0048�̄� � 0.000014 ˆS

�0.066W � 0.013Y + 0.37Z � 0.032c2y + 0.34fgg � 0.00078f�� + 0.0010fz�). (4.6b)

The terms in these equations involving the oblique parameters correspond to the effect
illustrated by the third example in figure 1.

The numerical results in (4.6) show that significant deviations from the universal re-
lation (2.5b) are possible. For example, in the simplest scenario where �̄F is the only
nonnegligible universal parameter at the new physics scale ⇤, we have �yt(⇤) = �yb(⇤) =

�y⌧ (⇤) = �̄F , but �yt(µEW) ' 0.77�yb(µEW), �yb(µEW) ' 1.056�y⌧ (µEW) after RG evo-
lution, if ln

⇤
µEW

' 3. Further deviations can be induced by other universal parameters,
such as �̄V , Z, c2y, fgg, if they are generated at ⇤. Therefore, the sometimes adopted
simplified approach to precision Higgs fit where a common rescaling factor is assumed for
all the SM fermion Yukawa couplings does not find its justification in universal theories.
This assumption applies to the the effective hff couplings at µ ⇠ mh ⇠ µEW, and appears
fine-tuned in light of the RG-induced nonuniversal effects illustrated above. Thus, even for
universal theories, it is desirable to keep these parameters separate when fitting them to
data.

5 Conclusions

The usefulness of simplified frameworks for precision analyses lies in the fact that they are
much more tractable than the full SMEFT with a vast parameter space, and yet capture
broad classes of BSM scenarios. The oblique parameters framework, which characterizes
effects of universal theories on precision electroweak observables, has been widely-used
for more than two decades now, and finds its justification at LO in the modern SMEFT
approach with a consistent description of universal theories in the SMEFT [8]. In many
cases, however, it is desirable to go beyond LO in the new physics effects, and simplified
frameworks should be properly extended to incorporate RG evolution.

In this paper, we have performed a RG analysis of universal theories in the SMEFT
framework. The key observation is that under RG evolution, universal theories at the new
physics scale ⇤, which reside in a 16-dimensional subspace of the full SMEFT parameter
space, can flow out of this subspace, and become nonuniversal at the electroweak scale µEW

where their effects on precision observables are measured. But the departure from universal
theories at µEW is not arbitrary, as the theory is still usefully described by the 16 universal
parameters defined at ⇤. The main consequences of this observation are the following.

• The universal pattern of deviations from SM predictions seen at LO in the universal
theories EFT is distorted after RG evolution from ⇤ to µEW. The RG-induced nonuni-
versal effects lead to well-defined departures (dictated by the 16 universal parameters
at ⇤) from the LO universal relations (2.5) among some generically independent Higgs
basis couplings (in the sense explained at the end of section 2.2); see (3.15), (3.18),
(4.6).
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