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We perform dimensional reduction of the dimension-6 standard model effective field theory (SMEFT)
to order g4 in coupling constants g. This analysis includes one-loop contributions to kinetic terms and
quartic couplings, as well as two-loop contributions, where operators such as four-fermion interactions first
appear, to squared mass terms. Using lattice data, we provide evidence that, in contrast with previous
statements in the literature, the SMEFT may undergo a first-order phase transition even for null jϕj6 at zero
temperature—where ϕ is the Higgs doublet—opening the door to entirely unexplored directions in model
building. In such case, however, our analysis implies that the phase transition is not sufficiently strong,
narrowing down the new physics that allows for electroweak baryogenesis.
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I. INTRODUCTION

The modern approach to the study of high-temperature
equilibrium phenomena within quantum field theory is
based on the formalism of dimensional reduction (DR)
[1,2]. This method relies on the construction of a static,
three-dimensional (3D) effective-field theory (EFT),
exploiting the hierarchy of scales between the temperature,
T, and the masses, m, of light fields. In practice, all heavy
Matsubara modes [3], with thermal masses of order πT, are
integrated out in favor of a theory with light bosonic zero
modes whose interactions encode all temperature depend-
ence. Perturbative calculations in the 3D EFT framework
can bypass numerous difficulties encountered within finite-
temperature calculations in four dimensions (4D) [4].
Moreover, close to a critical point, where non-Abelian
gauge theories become nonperturbative [5], the 3D dynam-
ics can be simulated on the lattice [6–18].
For the Standard Model (SM), this 3D EFT is fully

known to order g4 [19], where g ∼ Y ∼
ffiffiffi
λ

p
stand for the

SUð2Þ, Yukawa, and quartic couplings. (The full one-loop
Oðg6Þ corrections have been computed in Ref. [20]; see
also Ref. [21].) The phase structure of this theory was
successfully understood on the lattice, with the remarkable
finding that no first-order phase transition (FOPT) occurs

within the electroweak sector of the SM [10,22,23]. This
result, together with the future prospect of observing its
imprint on a gravitational wave background [24–28], has
motivated an extensive exploration of physics beyond the
SM that can allow for a FOPT [17,18,20,29–64].
As an alternative to a case-by-case analysis of viable SM

extensions, some studies have taken a model-independent
approach and explored the electroweak phase transition
(EWPT) within the SMEFT [20,41,65], which extends the
SM with all gauge-invariant higher-dimensional operators
suppressed by powers of an energy cutoff Λ [66,67]. This
framework enables a systematic investigation of the con-
ditions under which a FOPT can emerge and their con-
nection with experimental input from colliders [68–73].
However, and despite the growing interest on the matter,

little is yet known about the thermodynamics of the
SMEFT [20]. In this article, we make a substantial leap
forward in two fronts. First, we consider the full dimension-
6 SMEFT, including even operators that appear only at loop
level in weakly coupled UV completions of the SMEFT.
And, second, we compute the two-loop matching correc-
tions of 3D mass terms. Altogether, we achieve for the first
time fullOðg4Þ accuracy in the description of the SMEFTat
high temperature.1

On the basis of this result and of up-to-date lattice data
[17], we explore the possibility that the SMEFT undergoes
a FOPT in regions of the parameter space previously over-
looked in the literature. This sharply refines our under-
standing of the electroweak sector’s thermal history.
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1For SMEFT interactions, we assume that the power counting is
cX3 ∼ g, cX2ϕ4 ∼ cϕ4D2 ∼ cψ2Xϕ ∼ cψ2ϕ2 ∼ cψ4 ∼ g2, cψ2ϕ3 ∼ g3,
and cϕ6 ∼ g4, where we indicated the number of gauge field
strength tensors (X), scalars (ϕ), fermions (ψ ), and derivatives (D).
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II. CALCULATION

We use the following conventions for the SMEFT
Lagrangian:

LSMEFT ¼ LSM þ 1

Λ2

X
i

ciOi þO
�

1

Λ4

�
; ð1Þ

where ci are Wilson coefficients (WCs) and the sum runs
over the nonbaryon/non-lepton-violating dimension-6
operators of the SMEFT, that we reproduce for complete-
ness in Appendix A following the conventions of Ref. [67].
On the other hand, the SM Lagrangian reads

LSM ¼ −
1

4
GA

μνGAμν −
1

4
WI

μνWIμν −
1

4
BμνBμν

þ q̄i =Dqþ l̄i =Dlþ ūi =Duþ d̄i =Ddþ ēi =De

þ ðDμϕÞ†ðDμϕÞ þ μ2jϕj2 − λjϕj4
−
�
q̄ ϕ̃Yuuþ q̄ϕYddþ l̄ϕYeeþ H:c:

�
; ð2Þ

where u, d, e, and q, l represent the right-handed quarks
and leptons and their left-handed counterparts, respectively.
Likewise, B, W, and G stand for the gauge bosons, with g0,
g, and gS being the corresponding gauge couplings. Finally,
ϕ is the Higgs doublet, and ϕ̃ ¼ iσ2ϕ�, and we use the
minus sign convention for the covariant derivative.
Since we are studying the EWPT in the SMEFT, we shall

assume that the temperature scale is much larger than all
relevant mass scales, but lower than the new physics scale,
i.e., Λ ≫ T ≫ m. In this situation, the SMEFT expansion
remains valid while allowing for the standard [74] hier-
archy of thermal scales,

πT|{z}
hard

≫
�

g
4π

�
πT|fflfflfflfflffl{zfflfflfflfflffl}

soft

≫
�

g
4π

�
3=2

πT|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
supersoft

≫
�

g
4π

�
2

πT|fflfflfflfflfflffl{zfflfflfflfflfflffl}
ultrasoft

; ð3Þ

written in terms of a weak coupling g ≪ 4π.

A. From hard to soft scale

The first scale corresponds to the Matsubara modes of
the SM fields, whose masses are of order πT. The second is
associated to the screening of soft modes due to the hard-
scale corrections, which induces a thermal mass for bosonic
zero Matsubara modes. DR is the construction of the soft-
scale 3D theory for zero Matsubara modes, and it amounts
to integrating out all heavy nonzero modes. For the SM (in
the presence of SMEFT interactions up to order g4), this 3D
EFT, in Euclidean space, reads as [19]

L3 ¼ LðmÞ
3 þ LðkÞ

3 þ LðλÞ
3 þ Lðdim−6Þ

3 ð4Þ

with

LðmÞ
3 ¼ m2

ϕjϕj2 þ
1

2
m2

B0
B2
0 þ

1

2
m2

W0
WI

0W
I
0; ð5Þ

LðkÞ
3 ¼ kϕðDrϕÞ†ðDrϕÞ þ kB0

2
ðDrB0ÞðDrB0Þ

þ kW0

2
ðDrWI

0ÞðDrWI
0Þ þ

kB
4
BrsBrs þ

kW
4
WI

rsWI
rs;

ð6Þ

and

LðλÞ
3 ¼ λϕ4 jϕj4 þ λB4

0
B4
0 þ λW4

0
ðWI

0W0IÞ2

þ λϕ2B2
0
jϕj2B2

0 þ λϕ2W2
0
jϕj2WI

0W0I

þ λB2
0
W2

0
B2
0W

I
0W

I
0 þ λϕ2B0W0

B0ϕ
†σIϕWI

0: ð7Þ

We denote by gT and g0T the 3D gauge couplings of SUð2Þ
and Uð1Þ, respectively. We do not include gluons in the 3D
EFT, as they do not couple directly to the Higgs, and their
effect on the EWPT is thus expected to be subleading.

The last piece, Lðdim−6Þ
3 , includes all dimension-6 oper-

ators2 involving the Higgs and the gauge bosons in the
3D theory. According to our power counting, at order g4,
these arise only at tree level from their 4D counterparts.
For brevity, we refrain from writing them here, as they will
not be relevant for our results, but they can be found
in Ref. [20].
The parameters of the 3D EFT are computed upon

requiring that the Green’s functions (i.e., off-shell corre-
lators) in the 3D EFT reproduce the hard-region regime
given by Q2 ∼ ðπTÞ2 ≫ P2; μ2 of those obtained in the
(compactified) 4D theory [75]. Here, Q and P ¼ ð0;pÞ
represent loop and static external momenta, respectively.
To this aim, we use dedicated routines based on FeynArts

[76] and FeynCalc [77]. We work in dimensional regulari-
zation with spacetime dimension d ¼ 3 − 2ϵ in the
MS scheme and use background-Rξ gauge. We only need

the one-loop sum-integrals Ibαβδ ≡ ⨋Q
q2β
0
jqj2δ

Q2α and Ifαβδ ≡
⨋fQg

q2β
0
jqj2δ

Q2α ¼ ð22α−2β−2δ−d − 1ÞIbαβδ, for β∈ 1
2
Z and

δ∈Z, with

Ibαβδ ¼
ðeγE μ̄2Þϵ
8π2

×
1þ ð−1Þ2β

2
× ð2πTÞ1þd−2ðα−β−δÞ

×
Γðα − d

2
− δÞΓðd

2
þ δÞζð2ðα − β − δÞ − dÞ

Γð1
2
ÞΓðαÞΓðd

2
Þ ; ð8Þ

where μ̄ is the renormalization scale.
All our results turn out to be ξ independent and finite.

The first observation is the result of a trivial fact: all 3D
parameters are physical at order g4. It is only at higher order

2Note that we count energy dimensions in 4D units always.
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that they receive corrections from 3D higher-dimensional
operators, which must be taken into account to achieve
gauge independence in the physical basis [20,60].
The second statement can be understood as follows

in the massless Higgs limit (μ2 ¼ 0). UV divergences are
absorbed by the running of 4D renormalizable parameters,
which are not renormalized by SMEFT operators [78–80].
IR divergences follow from the UVones of the 3D EFT, but
since 3D masses run only at two loops, SMEFT effects
enter only at Oðg6Þ.3

1. One-loop results

At one loop, the nonvanishing SMEFT contributions to
the 3D EFT are those in Ref. [20] supplemented with the
following highlighted terms, ensuing from operators that
arise at loop level in UV completions of the SMEFT:

ΔkB0
¼ −

2

3
cϕBT2; ð9Þ

ΔkW0
¼ −

2

3
ðcϕW þ 3gc3WÞT2; ð10Þ

ΔkB ¼ −
2

3
cϕBT2; ð11Þ

ΔkW ¼ −
2

3
ðcϕW þ 3gc3WÞT2; ð12Þ

Δm2
ϕ ¼ 1

12
μ2ðcϕD − 2cϕ□ÞT2; ð13Þ

Δλϕ4 ¼
�
−cϕ þ

1

4

�
g02cϕB þ g0gcϕWB þ 3g2cϕW

�

þ λcϕ□ þ 1

48

�
3ðg02 þ g2Þ − 16λ

�
cϕD

−
1

12

�
ceϕY�

e þ 3ðcdϕY�
d þ cuϕY�

uÞ þ H:c:
�	
T3:

ð14Þ

No other coupling changes with respect to Ref. [20]; also
m2

ϕ and λϕ4 , which we, however, show here for their
relevance to the subsequent discussions.

2. Two-loop results

We denote by Q and R the loop momenta. Two-loop
sum-integrals in our computation factorize into one-loop

masters. Indeed, they arise from 1
Λ2

R d4Qd4R
Q2αR2βðQ−RÞ2γ, and

dimensional analysis of squared mass terms requires
scaling ∼T4=Λ2, hence αþ β þ γ ¼ 2. This cannot be

satisfied if all exponents are positive, precisely the case
where factorization is nontrivial.4

We propose the following steps to factorize the two-loop
sum-integrals:

(i) In terms with Qþ R, we use the identity Q · R ¼
1
2
½ðQþ RÞ2 −Q2 − R2�.

(ii) In terms with both Qþ R and Q (R) in the
denominator, we perform the change of variables
Qþ R → RðQÞ. We note that Qþ R is bosonic if
both Q and R have the same statistics, but it is
fermionic otherwise.

(iii) At this stage, no term involves Qþ R anymore.
Then, we expand products of loop variables using
Q · R ¼ q0r0 þ q · r.

(iv) We set external Lorentz indices ðμ; νÞ to (0, 0) or to
ði; jÞ, depending on whether we match operators
involving temporal or spatial components. We re-
move odd powers of q0; r0;q, and r.

(v) We use tensor reduction, qirj →
1
d q · rδij, where

qi (rj) denotes the components of spatial loop
momentum q (r).

Finally, we evaluate all one-loop integrals using the
formula in Eq. (8).
As an illustrative example, we explicitly compute the

contribution of cϕe tom2
ϕ in the limit of vanishing g0, g, and

λ and with only one family of fermions. To this aim,
we consider the Green’s function Gϕϕ at zero momentum.
We obtain

Gϕϕ ∼ 4
XZ
fQRg

�
1

Q2ðQþ RÞ2 þ
Q · R

Q2R2ðQþ RÞ2
	

¼
ðiÞ
2
XZ
fQRg

�
1

Q2ðQþ RÞ2 þ
1

Q2R2
−

1

R2ðQþ RÞ2
	

¼
ðiiÞ

2

�XZ
fQgR

1

Q2R2
þ

XZ
fQRg

1

Q2R2
−

XZ
QfRg

1

R2Q2

	
; ð15Þ

where ∼ indicates that we are ignoring the factor cϕejYej2.
Substituting the sum-integrals and taking into account that,
in the 3D EFT, Gϕϕ ¼ m2

ϕ, we therefore have

m2
ϕ ¼ −2cϕejYej2



Ib100I

f
100 þ ðIf100Þ2 − If100I

b
100

�
¼ −

1

288
cϕejYej2T4: ð16Þ

3Schematically, ṁ2
ϕ ∼ λ2

ϕ4 , but λϕ4 ∼ λT þ ðcϕ þ λcϕ□ þ � � �ÞT2,
where the ellipses stand for other SMEFT contributions.

4If one of the exponents is negative, then one can expand the
numerator to transform the sum-integral into a sum of factorized
ones. For example, ⨋ ðQ−RÞ2

Q4R4 ¼ 1
2
⨋ Q2þR2−2Q·R

Q4R4 ¼ 1
2Q2R4 þ 1

2Q4R2,

where we have removed the term odd in Q and R. Had Q (or R)
had the negative exponent, one could reach the same result upon
changing variables Q → Qþ R. It is all this reasoning that we
follow in this section.
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Now, including all dimension-6 SMEFT operators, we
obtain

Δm2
ϕ ¼

�
−
1

4
cϕ þ

47

3
g2ScϕG þ 1

576
jYuj2

�
30cϕ□ − 15cϕD

þ 6cϕu − 6cð1Þϕq þ 18cð3Þϕq þ 24cð1Þqu þ 32cð8Þqu




þ 3

64

�
16gScuGY�

u − 3cuϕY�
u þ H:c:

�	
T4; ð17Þ

where we have only written the limit in which
μ2; λ; g; g0; Yd; Ye → 0 for the sake of brevity (m2

B0
and

m2
W0

get no correction in this limit). We provide the full
result, including both one- and two-loop matching correc-
tions, in Supplemental Material [81].
From dimensional analysis, it can be also checked that

one- and two-loop matching corrections to m2
ϕ and λϕ4 by

dimension-8 SMEFT terms vanish.

B. From soft to supersoft scale

Temporal gauge bosons in the 3D EFT live at the soft
scale, as they acquire positive squared masses proportional
to g2T2, which are parametrically larger than the thermal
Higgs mass near the PT. Thus, temporal gauge bosons can
be integrated out to build a supersoft-scale EFTwhere only
the Higgs zero mode and the spatial gauge bosons are
present.
In good approximation, given that g0 ≪ g, the contribu-

tion of the Uð1Þ gauge bosons to the Higgs effective
potential is subleading compared to that of the SUð2Þ ones.
This motivates the construction of a theory with SUð2Þ þ
Higgs at the supersoft (SS) scale,

L3;SS ¼
1

4
WI

rsWI
rs þ ðDrϕÞ†ðDrϕÞ

þm2
3jϕj2 þ λ3jϕj4 þ Lðdim−6Þ

3;SS ; ð18Þ

where we now dub g3 the SUð2Þ gauge coupling, and we

again reuse the same names for the fields. Lðdim−6Þ
3;SS encodes

all dimension-6 operators involving the W and ϕ fields in
d ¼ 3. These can also be read from Ref. [20].
The matching onto this theory was computed to order g4

in Ref. [19], in the absence of higher-dimensional oper-
ators, starting from the SM in the high-temperature limit. In
this work, we shall use these results together with the
contribution from SMEFT operators to the matching of the
renormalizable parameters in the 3D EFT [Eqs. (9) to (14)
and (17)], and we will neglect the contribution from 3D
higher-dimensional operators where justified.

III. PHASE STRUCTURE

The phase structure of the theory described by
the Lagrangian in Eq. (18) (in the absence of higher-
dimensional operators) was studied on the lattice in terms
of the dimensionless ratios x≡ λ3=g23 and y≡m2

3=g
4
3. As

first determined in Ref. [22], the phase diagram presents a
critical point located at ðx; yÞ ¼ ðx�; y�Þ, with [10,12]

x� ¼ 0.0983ð15Þ; y� ¼ −0.0175ð13Þ; ð19Þ

for renormalization scale μ̄3 ¼ g23 in the 3D EFT, which we
also use.
We can approximate the evolution of the SM and the

SMEFTacross this phase diagram usingOðg2Þmatching in
the limit of vanishing g0, together with generic deforma-
tions due to SMEFT interactions; see Appendix C. A rough
estimation indicates that new physics mainly need to
introduce a moderately negative correction to x (through
a negative modification of λ3 with respect to the SM value)
in order to achieve a FOPT. On the basis of Eqs. (9) to (14)
and for concreteness, we focus on four particular operators
in the SMEFT that can induce such shifts in λ3: Otϕ, OϕG,
Oϕ, and Oϕ□.
The first is somewhat constrained by Higgs data

[82–84], though its bounds depend significantly on the
second, OϕG. Using SMEFiT [85], we effectively find5

−6≲ ctϕ=TeV2 ≲ −2; see Appendix B. We note that
Otϕ does not only affect λ3 through its contribution to
the matching but affects it also through a modification of
the tree-level, zero-temperature, relation between Yt and
the physical parameters. On the other hand,OϕG itself does
not modify the PT, both because it only enters m2

3 (at two-
loop level) and because its value is tightly constrained.
The bounds on Otϕ are such that it cannot allow for a

FOPT alone, but an additional contribution to λ3 from
different relatively unconstrained operators, such as Oϕ or
Oϕ□, is needed. The first of the two is not experimentally
constrained, so we will take a conservative range of
½−1; 1� TeV−2. On the other hand, in the plane of ctϕ
and cϕ□ upon marginalization, the latter is bounded as
−2≲ cϕ□=TeV2 ≲ 2; see Appendix B. These operators
further modify the tree-level relation between μ2 and λ and
the physical parameters v ∼ 246 GeV and mH ∼ 125 GeV;
see, e.g., Ref. [86]. For instance, the 4D Higgs quartic
coupling is modified as

5We marginalize over all the WCs that do not enter into
Eqs. (9) to (14) in the limit of g0; g; λ; Ye; Yd → 0. (Powers of
these SM parameters are so small that, together with the loop
suppression, not even large values of the marginalized WCs affect
significantly the matching conditions). All others are set to zero.
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λ ¼ m2
H

2v2
þ 3

2
cϕv2 − 4cϕ□

m2
H

2
: ð20Þ

Therefore, on top of the thermal contribution to λ3 in
Eq. (14), the tree-level piece λ3jtree ¼ λT gets further
corrected by dimension-6 operators. We find these mod-
ifications to be often numerically as (and sometimes more)
relevant as those from matching equations.
Relying on the phase boundary for the 3D SU(2) + Higgs

theory determined using lattice methods in Ref. [17], in
Figs. 1 and 2, we show the regions of the ctϕ–cϕ (cϕ□ ¼ 0)
and ctϕ–cϕ□ (cϕ ¼ 0) planes of the parameter space,
respectively, that allow for a FOPT and the corresponding
value of x ¼ xc for which it takes place. All points satisfy
sanity conditions, namely, that at T ¼ Tc we have Λ2 >
ðπTÞ2 > μ2 and m2

ϕ=m
2
W0
; m2

ϕ=m
2
B0

< 0.5. Let us also note
that, as discussed in Ref. [35], one can take x > 0.01 as
an approximate regime where the inclusion of ðϕ†ϕÞ3 (as
generated in the high-temperature limit of the SM) does not
significantly alter the existing lattice results.
We find remarkable that moderately positive values of

ctϕ, together with small negative values of cϕ or positive
values of cϕ□, drive the evolution toward the FOPT regime
(by making λ3, and thus x, smaller), both being allowed by
experimental data.6 In fact, if we combine the contribution
from cϕ and cϕ□, together with ctϕ ∼ 2.5 TeV−2, one can
find a FOPTwith both coefficients even belowOð1Þ TeV−2

in absolute value. The reason for all this is that, contrary
to previous studies of the FOPT landscape of the

SMEFT [41,65,69,86–105], we have accounted for all
dimension-6 SMEFT operators, and in particular for Otϕ,
which does not contribute directly to the Higgs potential at
zero temperature but enters the matching for λ3 relatively
unsuppressed. (In Ref. [65], the authors observed a similar
trend conducting a purely perturbative study of the PT
with Higgs-only dimension-6 operators). We observe how
even strong PTs, necessary for successful baryogenesis
and characterized by x≲ 0.025 [18], are allowed for
jcϕj≲ 0.8 TeV−2, though they seem impossible if this
WC is much closer to zero.

IV. CONCLUSIONS

We have fully determined the dimensional reduction of
the dimension-6 SMEFT to Oðg4Þ accuracy, demonstrating
how the relevant two-loop sum-integrals can factorize into
products of one-loop sum-integrals. Using existing lattice
data, our analysis exhaustively characterizes the electro-
weak thermal history in the regime where new physics is
decoupled. In particular, we have shown that the SMEFT
can exhibit a FOPT even without large modifications to the
Higgs potential at zero temperature. Both one-loop and
two-loop (for the square mass terms) matching corrections
have been indispensable to arrive at this conclusion.
This finding opens new avenues in model building,7

motivating the search for collider signatures beyond the
conventional targets of new light scalars or enhanced Higgs
pair production [69,71,106–109]. On a different front,
our results provide the strongest evidence that, if cϕ is
constrained to be very small, the observation of a strong
EWPT (e.g., through the detection of the corresponding

FIG. 1. Region of the ctϕ–cϕ parameter space in units of TeV−2

(for fixed cϕ□ ¼ 0) allowed by data that give rise to a FOPT and
the corresponding value of xc where the SMEFT evolution curve
crosses the FOPT boundary, as extracted from Ref. [17]. The
effect of varying cϕG is negligible on the phase diagram, and it
only influences the allowed values of ctϕ, so we do not show it.

FIG. 2. Same as Fig. 1, but in the ctϕ–cϕ□ plane in TeV−2 (for
fixed cϕ ¼ 0).

6For all points considered, λ remains positive, and (if present)
cϕ is negative, so the zero-temperature potential is bounded from
below at renormalizable and dimension-6 level. Also, we have
λ3 > 0, so the thermal potential barrier is radiative, and not tree-
level generated [65].

7For instance, a possible UV completion that generates ctϕ
consists of heavy vectorlike quarks with quantum numbers
ð3; 2Þ1=3 that couple only to the third family quarks through a
mixed Yukawa term. (Scalar operators would come from loops
enhanced by sizable Yukawas among the Higgs and the new
fermions, or by heavy scalars.). See, e.g., Ref. [69].
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gravitational-wave background) would necessarily imply
the failing of the SMEFT and so hint to light new physics.
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APPENDIX A: TABLES OF OPERATORS

In this appendix, we collect all nonbaryon/non-lepton-
violating dimension-6 operators of the SMEFT in the
physical basis. They are shown in Tables I, II, and III.
Pauli matrices are written as σI and σμν ≡ i

2
½γμ; γν�. We note

TABLE I. Bosonic dimension-six SMEFT operators. Terms in
bold arise at loop level in weakly coupled UV completions.

X3

O3G fABCGAν
μ GBρ

ν GCμ
ρ

O3G̃ fABCG̃Aν
μ GBρ

ν GCμ
ρ

O3W ϵIJKWIν
μ W

Jρ
ν WKμ

ρ

O3W̃ ϵIJKW̃Iν
μ W

Jρ
ν WKμ

ρ

X2ϕ4

OϕG ðϕ†ϕÞGA
μνGAμν

OϕG̃ ðϕ†ϕÞG̃A
μνGAμν

OϕW ðϕ†ϕÞWI
μνWIμν

OϕW̃ ðϕ†ϕÞW̃I
μνWIμν

OϕB ðϕ†ϕÞBμνBμν

OϕB̃ ðϕ†ϕÞB̃μνBμν

OϕWB ðϕ†σIϕÞWI
μνBμν

OϕW̃B ðϕ†σIϕÞW̃I
μνBμν

ϕ4D2

Oϕ□ ðϕ†ϕÞ□ðϕ†ϕÞ
OϕD ðϕ†DμϕÞ†ϕ†Dμϕ

ϕ6

Oϕ ðϕ†ϕÞ3

TABLE II. Two-fermion dimension-6 SMEFToperators. Terms
in bold arise at loop level in UV completions.

ψ2Xϕ

OuG ðq̄TAσμνuÞϕ̃GA
μν

OuW ðq̄σμνuÞσIϕ̃WI
μν

OuB ðq̄σμνuÞϕ̃BI
μν

OdG ðq̄TAσμνdÞϕGA
μν

OdW ðq̄σμνdÞσIϕWI
μν

OdB ðq̄σμνdÞϕBI
μν

OeW ðl̄σμνeÞσIϕWI
μν

OeB ðl̄σμνeÞϕBμν

ψ2ϕ2

Oð1Þ
ϕq q̄γμqðϕ†iD

↔

μϕÞ
Oð3Þ

ϕq q̄σIγμqðϕ†iD
↔I

μϕÞ
Oϕu ūγμuðϕ†iD

↔

μϕÞ
Oϕd d̄γμdðϕ†iD

↔

μϕÞ
Oϕud ūγμdðϕ̃†iDμϕÞ
Oð1Þ

ϕl l̄γμlðϕ†iD
↔

μϕÞ
Oð3Þ

ϕl l̄σIγμlðϕ†iD
↔I

μϕÞ
Oϕe ēγμeðϕ†iD

↔

μϕÞ
ψ2ϕ3

Ouϕ q̄ ϕ̃ uðϕ†ϕÞ
Odϕ q̄ϕdðϕ†ϕÞ
Oeϕ q̄ϕeðϕ†ϕÞ

TABLE III. Four-fermion dimension-6 SMEFT operators.

q4

Oð1Þ
qq

ðq̄γμqÞðq̄γμqÞ
Oð3Þ

qq ðq̄γμσIqÞðq̄γμσIqÞ
Ouu ðūγμuÞðūγμuÞ
Odd ðd̄γμdÞðd̄γμdÞ
Oð1Þ

ud
ðūγμuÞðd̄γμdÞ

Oð8Þ
ud

ðūγμTAuÞðd̄γμTAdÞ
Oð1Þ

qu
ðq̄γμqÞðūγμuÞ

Oð8Þ
qu ðq̄γμTAqÞðūγμTAuÞ

Oð1Þ
qd

ðq̄γμqÞðd̄γμdÞ
Oð8Þ

qd
ðq̄γμTAqÞðd̄γμTAdÞ

Oð1Þ
quqd

ðq̄uÞϵðq̄dÞ
Oð8Þ

quqd
ðq̄TAuÞϵðq̄TAdÞ

l4

Oll ðl̄γμlÞðl̄γμlÞ
Oee ðēγμeÞðēγμeÞ
Ole ðl̄γμlÞðēγμeÞ

(Table continued)
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that all operators denoted asOfX andOfϕ, where f ¼ u, d,
e and X ¼ B, W, G, are complex valued.

APPENDIX B: CONSTRAINTS ON RELEVANT
SMEFT OPERATORS

For our analysis, we mainly focus on operators which
can shift λ3 toward smaller or more negative values. As
indicated in the main text, these are Otϕ, OϕG, Oϕ, and
Oϕ□. In Fig. 3, we show the constraints, from SMEFiT, on

different pairs of these SMEFT operators upon marginali-
zation on those others that are not relevant for the analysis
of the electroweak phase transition.

APPENDIX C: ILLUSTRATION OF THE PHASE
EVOLUTION OF THE SM(EFT)

We can roughly understand the evolution of the SM and
the SMEFT across their phase diagram using Oðg2Þ
matching in the limit of vanishing g0, together with generic
deformations due to SMEFT interactions:

m2
3 ¼ −μ2 þ 1

4
ðjYtj2 þ 3g2 þ 8λÞT2 þ δm2

3

T4

Λ2
;

λ3 ¼ λT þ δλ3
T3

Λ2
;

g3 ¼ g
ffiffiffiffi
T

p
: ðC1Þ

Thus, for example, for δm2
3 ¼ −2, δλ3 ¼ −5.5, we obtain

the phase evolution in Fig. 4, where we vaguely approxi-
mate the first-order phase transition boundary with a
straight segment y ¼ 0 [corresponding to the condition
that m2

3ðTcÞ ¼ 0]. We observe the well-known fact that the
SM (δm2

3 ¼ δλ3 ¼ 0) shows a crossover, but for the
SMEFT, there can be a FOPT.
We assume Λ ¼ 1 TeV, and the arrows in the figure

indicate the temperature evolution from Ti ¼ Λ down to
Tf ¼ 10 GeV. The dashed region in the SMEFT line
represents the temperatures at which the SMEFT is no longer
a good approximation to the UV physics, T ≳ Λ=ð2πÞ.

TABLE III. (Continued)

q2l2

Oð1Þ
lq

ðl̄γμlÞðq̄γμqÞ
Oð3Þ

lq
ðl̄γμσIlÞðq̄γμσIqÞ

Oeu ðēγμeÞðūγμuÞ
Oed ðēγμeÞðd̄γμdÞ
Oqe ðq̄γμqÞðēγμeÞ
Olu ðl̄γμlÞðūγμuÞ
Old ðl̄γμlÞðd̄γμdÞ
Oledq ðl̄eÞðd̄qÞ
Oð1Þ

lequ
ðl̄eÞϵðq̄uÞ

Oð3Þ
lequ

ðl̄σμνeÞðq̄σμνuÞ

FIG. 3. Experimentally allowed values for ctϕ and cϕG and for
ctϕ and cϕ□ in TeV−2 from top and Higgs physics [82–84], as
derived using SMEFiT upon marginalizing over other operators.

FIG. 4. Phase structure of the high-temperature limit of the SM
and the SMEFT (for δm2

3 ¼ −2, δλ3 ¼ −5.5). The dot at the end
of the blue line indicates a critical point. Transitions across this
line are first order.

PHASE DIAGRAM OF THE STANDARD MODEL EFFECTIVE … PHYS. REV. D 113, 115061 (2026)

115061-7



[1] P. H. Ginsparg, Nucl. Phys. B170, 388 (1980).
[2] T. Appelquist and R. D. Pisarski, Phys. Rev. D 23, 2305

(1981).
[3] T. Matsubara, Prog. Theor. Phys. 14, 351 (1955).
[4] J. Löfgren, J. Phys. G 50, 125008 (2023).
[5] A. D. Linde, Phys. Lett. B 96, 289 (1980).
[6] K. Farakos, K. Kajantie, K. Rummukainen, and M. E.

Shaposhnikov, Nucl. Phys. B442, 317 (1995).
[7] K. Kajantie, M. Laine, K. Rummukainen, and M. E.

Shaposhnikov, Nucl. Phys. B466, 189 (1996).
[8] M. Laine, Nucl. Phys. B451, 484 (1995).
[9] M. Laine and A. Rajantie, Nucl. Phys. B513, 471 (1998).

[10] M. Gurtler, E.-M. Ilgenfritz, and A. Schiller, Phys. Rev. D
56, 3888 (1997).

[11] K. Rummukainen, M. Tsypin, K. Kajantie, M. Laine, and
M. E. Shaposhnikov, Nucl. Phys. B532, 283 (1998).

[12] M. Laine and K. Rummukainen, Nucl. Phys. B, Proc.
Suppl. 73, 180 (1999).

[13] G. D. Moore and K. Rummukainen, Phys. Rev. D 63,
045002 (2001).

[14] P. B. Arnold and G. D. Moore, Phys. Rev. E 64, 066113
(2001); 68, 049902(E) (2003).

[15] X.-p. Sun, Phys. Rev. E 67, 066702 (2003).
[16] M. D’Onofrio and K. Rummukainen, Phys. Rev. D 93,

025003 (2016).
[17] O. Gould, S. Güyer, and K. Rummukainen, Phys. Rev. D

106, 114507 (2022); 110, 119903(E) (2024).
[18] J. Annala, K. Rummukainen, and T. V. I. Tenkanen, Phys.

Rev. D 113, 016014 (2026).
[19] K. Kajantie, M. Laine, K. Rummukainen, and M. E.

Shaposhnikov, Nucl. Phys. B458, 90 (1996).
[20] M. Chala and G. Guedes, J. High Energy Phys. 07

(2025) 085.
[21] G. D. Moore, Phys. Rev. D 53, 5906 (1996).
[22] K. Kajantie, M. Laine, K. Rummukainen, and M. E.

Shaposhnikov, Phys. Rev. Lett. 77, 2887 (1996).
[23] F. Csikor, Z. Fodor, and J. Heitger, Phys. Rev. Lett. 82, 21

(1999).
[24] G. M. Harry, P. Fritschel, D. A. Shaddock, W. Folkner, and

E. S. Phinney, Classical Quantum Gravity 23, 4887 (2006);
23, 7361(E) (2006).

[25] S. Kawamura et al., Classical Quantum Gravity 23, S125
(2006).

[26] W.-H. Ruan, Z.-K. Guo, R.-G. Cai, and Y.-Z. Zhang, Int. J.
Mod. Phys. A 35, 2050075 (2020).

[27] J. Aasi et al. (LIGO Scientific Collaboration), Classical
Quantum Gravity 32, 074001 (2015).

[28] C. Caprini et al., J. Cosmol. Astropart. Phys. 03 (2020) 024.
[29] T. Brauner, T. V. I. Tenkanen, A. Tranberg, A. Vuorinen,

and D. J. Weir, J. High Energy Phys. 03 (2017) 007.
[30] J. O. Andersen, T. Gorda, A. Helset, L. Niemi, T. V. I.

Tenkanen, A. Tranberg, A. Vuorinen, and D. J. Weir, Phys.
Rev. Lett. 121, 191802 (2018).

[31] L. Niemi, H. H. Patel, M. J. Ramsey-Musolf, T. V. I.
Tenkanen, and D. J.Weir, Phys. Rev. D 100, 035002 (2019).

[32] T. Gorda, A. Helset, L. Niemi, T. V. I. Tenkanen, and D. J.
Weir, J. High Energy Phys. 02 (2019) 081.

[33] K. Kainulainen, V. Keus, L. Niemi, K. Rummukainen,
T. V. I. Tenkanen, and V. Vaskonen, J. High Energy Phys.
06 (2019) 075.

[34] D. Croon, O. Gould, P. Schicho, T. V. I. Tenkanen, and G.
White, J. High Energy Phys. 04 (2021) 055.

[35] O. Gould, J. Kozaczuk, L. Niemi, M. J. Ramsey-Musolf,
T. V. I. Tenkanen, and D. J. Weir, Phys. Rev. D 100,
115024 (2019).

[36] L. Niemi, M. J. Ramsey-Musolf, T. V. I. Tenkanen, and
D. J. Weir, Phys. Rev. Lett. 126, 171802 (2021).

[37] O. Gould and J. Hirvonen, Phys. Rev. D 104, 096015
(2021).

[38] O. Gould, J. High Energy Phys. 04 (2021) 057.
[39] P. M. Schicho, T. V. I. Tenkanen, and J. Österman, J. High

Energy Phys. 06 (2021) 130.
[40] L. Niemi, P. Schicho, and T. V. I. Tenkanen, Phys. Rev. D

103, 115035 (2021); 109, 039902(E) (2024).
[41] J. E. Camargo-Molina, R. Enberg, and J. Löfgren, J. High

Energy Phys. 10 (2021) 127.
[42] L. Niemi, K. Rummukainen, R. Seppä, and D. J. Weir,

J. High Energy Phys. 02 (2023) 212.
[43] A. Ekstedt, Phys. Rev. D 106, 095026 (2022).
[44] A. Ekstedt, O. Gould, and J. Löfgren, Phys. Rev. D 106,

036012 (2022); 110, 019901(E) (2024).
[45] S. Biondini, P. Schicho, and T. V. I. Tenkanen, J. Cosmol.

Astropart. Phys. 10 (2022) 044.
[46] P. Schicho, T. V. I. Tenkanen, and G. White, J. High

Energy Phys. 11 (2022) 047.
[47] J. Löfgren, M. J. Ramsey-Musolf, P. Schicho, and T. V. I.

Tenkanen, Phys. Rev. Lett. 130, 251801 (2023).
[48] O. Gould and C. Xie, J. High Energy Phys. 12 (2023) 049.
[49] M. Kierkla, B. Swiezewska, T. V. I. Tenkanen, and J. van

de Vis, J. High Energy Phys. 02 (2024) 234.
[50] G. Aarts et al., Prog. Part. Nucl. Phys. 133, 104070 (2023).
[51] L. Niemi, M. J. Ramsey-Musolf, and G. Xia, Phys. Rev. D

110, 115016 (2024).
[52] M. Chala, J. C. Criado, L. Gil, and J. L. Miras, J. High

Energy Phys. 10 (2024) 025.
[53] R. Qin and L. Bian, J. High Energy Phys. 08 (2024) 157.
[54] O. Gould and P. Saffin, J. High Energy Phys. 03 (2025) 105.
[55] J. Chakrabortty and S. Mohanty, Nucl. Phys. B1020,

117165 (2025).
[56] L. Niemi and T. V. I. Tenkanen, Phys. Rev. D 111, 075034

(2025).
[57] M. Kierkla, P. Schicho, B. Swiezewska, T. V. I. Tenkanen,

and J. van de Vis, J. High Energy Phys. 07 (2025) 153.
[58] A. Bhatnagar, D. Croon, and P. Schicho, J. High Energy

Phys. 03 (2026) 14.
[59] J. López Miras and L. Gil, Proc. Sci. DISCRETE2024

(2025) 089.
[60] F. Bernardo, P. Klose, P. Schicho, and T. V. I. Tenkanen,

J. High Energy Phys. 08 (2025) 109.
[61] Y. Zhu, J. Liu, R. Qin, and L. Bian, Phys. Rev. D 112,

015018 (2025).
[62] M. Chala, L. Gil, and Z. Ren, Chin. Phys. 49, 123105 (2025).
[63] X.-X. Li, M. J. Ramsey-Musolf, T. V. I. Tenkanen, and Y.

Wu, arXiv:2506.01585.
[64] P. Navarrete, R. Paatelainen, K. Seppänen, and T. V. I.

Tenkanen, J. High Energy Phys. 01 (2026) 113.
[65] E. Camargo-Molina, R. Enberg, and J. Löfgren, J. High

Energy Phys. 08 (2025) 113.
[66] W. Buchmuller and D. Wyler, Nucl. Phys. B268, 621

(1986).

CHALA, FIORE, and GIL PHYS. REV. D 113, 115061 (2026)

115061-8

https://doi.org/10.1016/0550-3213(80)90418-6
https://doi.org/10.1103/PhysRevD.23.2305
https://doi.org/10.1103/PhysRevD.23.2305
https://doi.org/10.1143/PTP.14.351
https://doi.org/10.1088/1361-6471/ad074b
https://doi.org/10.1016/0370-2693(80)90769-8
https://doi.org/10.1016/0550-3213(95)80129-4
https://doi.org/10.1016/0550-3213(96)00052-1
https://doi.org/10.1016/0550-3213(95)00356-W
https://doi.org/10.1016/S0550-3213(97)00709-8
https://doi.org/10.1103/PhysRevD.56.3888
https://doi.org/10.1103/PhysRevD.56.3888
https://doi.org/10.1016/S0550-3213(98)00494-5
https://doi.org/10.1016/S0920-5632(99)85017-8
https://doi.org/10.1016/S0920-5632(99)85017-8
https://doi.org/10.1103/PhysRevD.63.045002
https://doi.org/10.1103/PhysRevD.63.045002
https://doi.org/10.1103/PhysRevE.64.066113
https://doi.org/10.1103/PhysRevE.64.066113
https://doi.org/10.1103/PhysRevE.68.049902
https://doi.org/10.1103/PhysRevE.67.066702
https://doi.org/10.1103/PhysRevD.93.025003
https://doi.org/10.1103/PhysRevD.93.025003
https://doi.org/10.1103/PhysRevD.106.114507
https://doi.org/10.1103/PhysRevD.106.114507
https://doi.org/10.1103/PhysRevD.110.119903
https://doi.org/10.1103/q1jq-gq9m
https://doi.org/10.1103/q1jq-gq9m
https://doi.org/10.1016/0550-3213(95)00549-8
https://doi.org/10.1007/JHEP07(2025)085
https://doi.org/10.1007/JHEP07(2025)085
https://doi.org/10.1103/PhysRevD.53.5906
https://doi.org/10.1103/PhysRevLett.77.2887
https://doi.org/10.1103/PhysRevLett.82.21
https://doi.org/10.1103/PhysRevLett.82.21
https://doi.org/10.1088/0264-9381/23/15/008
https://doi.org/10.1088/0264-9381/23/24/C01
https://doi.org/10.1088/0264-9381/23/8/S17
https://doi.org/10.1088/0264-9381/23/8/S17
https://doi.org/10.1142/S0217751X2050075X
https://doi.org/10.1142/S0217751X2050075X
https://doi.org/10.1088/0264-9381/32/7/074001
https://doi.org/10.1088/0264-9381/32/7/074001
https://doi.org/10.1088/1475-7516/2020/03/024
https://doi.org/10.1007/JHEP03(2017)007
https://doi.org/10.1103/PhysRevLett.121.191802
https://doi.org/10.1103/PhysRevLett.121.191802
https://doi.org/10.1103/PhysRevD.100.035002
https://doi.org/10.1007/JHEP02(2019)081
https://doi.org/10.1007/JHEP06(2019)075
https://doi.org/10.1007/JHEP06(2019)075
https://doi.org/10.1007/JHEP04(2021)055
https://doi.org/10.1103/PhysRevD.100.115024
https://doi.org/10.1103/PhysRevD.100.115024
https://doi.org/10.1103/PhysRevLett.126.171802
https://doi.org/10.1103/PhysRevD.104.096015
https://doi.org/10.1103/PhysRevD.104.096015
https://doi.org/10.1007/JHEP04(2021)057
https://doi.org/10.1007/JHEP06(2021)130
https://doi.org/10.1007/JHEP06(2021)130
https://doi.org/10.1103/PhysRevD.103.115035
https://doi.org/10.1103/PhysRevD.103.115035
https://doi.org/10.1103/PhysRevD.109.039902
https://doi.org/10.1007/JHEP10(2021)127
https://doi.org/10.1007/JHEP10(2021)127
https://doi.org/10.1007/JHEP02(2023)212
https://doi.org/10.1103/PhysRevD.106.095026
https://doi.org/10.1103/PhysRevD.106.036012
https://doi.org/10.1103/PhysRevD.106.036012
https://doi.org/10.1103/PhysRevD.110.019901
https://doi.org/10.1088/1475-7516/2022/10/044
https://doi.org/10.1088/1475-7516/2022/10/044
https://doi.org/10.1007/JHEP11(2022)047
https://doi.org/10.1007/JHEP11(2022)047
https://doi.org/10.1103/PhysRevLett.130.251801
https://doi.org/10.1007/JHEP12(2023)049
https://doi.org/10.1007/JHEP02(2024)234
https://doi.org/10.1016/j.ppnp.2023.104070
https://doi.org/10.1103/PhysRevD.110.115016
https://doi.org/10.1103/PhysRevD.110.115016
https://doi.org/10.1007/JHEP10(2024)025
https://doi.org/10.1007/JHEP10(2024)025
https://doi.org/10.1007/JHEP08(2024)157
https://doi.org/10.1007/JHEP03(2025)105
https://doi.org/10.1016/j.nuclphysb.2025.117165
https://doi.org/10.1016/j.nuclphysb.2025.117165
https://doi.org/10.1103/PhysRevD.111.075034
https://doi.org/10.1103/PhysRevD.111.075034
https://doi.org/10.1007/JHEP07(2025)153
https://doi.org/10.1007/JHEP03(2026)014
https://doi.org/10.1007/JHEP03(2026)014
https://doi.org/10.22323/1.481.0089
https://doi.org/10.22323/1.481.0089
https://doi.org/10.1007/JHEP08(2025)109
https://doi.org/10.1103/f4gr-hycg
https://doi.org/10.1103/f4gr-hycg
https://doi.org/10.1088/1674-1137/adf322
https://arXiv.org/abs/2506.01585
https://doi.org/10.1007/JHEP01(2026)113
https://doi.org/10.1007/JHEP08(2025)113
https://doi.org/10.1007/JHEP08(2025)113
https://doi.org/10.1016/0550-3213(86)90262-2
https://doi.org/10.1016/0550-3213(86)90262-2


[67] B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek,
J. High Energy Phys. 10 (2010) 085.

[68] F. P. Huang, P.-H. Gu, P.-F. Yin, Z.-H. Yu, and X. Zhang,
Phys. Rev. D 93, 103515 (2016).

[69] T. Huang, J. M. No, L. Pernié, M. Ramsey-Musolf, A.
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