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We perform a nonperturbative study of the electroweak phase transition (EWPT) in the two Higgs
doublet model (2HDM) by deriving a dimensionally reduced high-temperature effective theory for
the model, and matching to known results for the phase diagram of the effective theory. We find
regions of the parameter space where the theory exhibits a first-order phase transition. In particular,
our findings are consistent with previous perturbative results suggesting that the primary signature
of a first-order EWPT in the 2HDM is ma, > mpu, + mz.

I. INTRODUCTION

Accounting for the baryon asymmetry in the present
universe is a major unsolved problem in cosmology. One
of the leading candidates for a viable mechanism, elec-
troweak baryogenesis (EWBG) [I], suggests that the
asymmetry originates from the electroweak phase tran-
sition (EWPT) in the early universe. According to the
Sakharov conditions [2] the transition would have to be
first order, accompanied by a sizable violation of CP-
symmetry. Unfortunately, these conditions immediately
rule out EWBG within the minimal Standard Model
(SM), as it was demonstrated that the SM EWPT is
a crossover [3HO], and that SM CP-violating effects are
heavily suppressed at high temperatures [7H9].

Independently of the question of baryon asymmetry, a
host of beyond the Standard Model (BSM) theories have
been proposed to solve open problems in physics. Deter-
mining whether BSM theories can produce a first order
EWPT and thus facilitate EWBG is nontrivial: quantita-
tively reliable conclusions about the phase transition typ-
ically require a non-perturbative approach, deemed un-
manageable for large parameter spaces. Because of this
difficulty, analyses based on the finite-temperature effec-
tive potential have become standard [I0HI6]. Such stud-
ies can, however, have considerable uncertainties, partic-
ularly for physical observables: in one study [I7], errors
in excess of 10% in the critical temperature and 50% in
the latent heat were found, compared to non-perturbative
studies.
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In contrast, a more reliable approach uses dimension-
ally reduced effective theories, originally applied to the
SM in Refs. [3H5] 18, [19], and recently applied to the SM
accompanied by a real singlet [20]. In this paper, we use
this method to treat a widely studied BSM model, the
two Higgs doublet model (2HDM), where the SM is aug-
mented with an additional Higgs doublet [see Ref. [21]
for a review, and Refs. [22H24] for earlier work on dimen-
sional reduction (DR) in the 2HDM]. We derive a three-
dimensional high-T' effective theory, studying regions of
parameter space where this theory has the same form as
that of the Standard Model, similar to Ref. [25]. This
reduces determining the phase diagram of the theory to
mapping its parameter space to that of the SM effective
theory. Equipped with the analysis of [8H5], we discover
interesting and phenomenologically viable regions of pa-
rameter space where the EWPT is first order, corrobo-
rating key findings of perturbative studies of EWBG in
the 2HDM.

II. DIMENSIONAL REDUCTION
OF THE 2HDM

Our four-dimensional starting theory can be described
by the schematic action

S - /d41' [Lgaugc + »Cfcrmion + »Cscalar + LYukawa] ) (1)

suppressing counterterm and ghost contributions. The
field content includes SU(3)., SU(2), and U(1)y gauge
fields, two scalar doublets ¢; and ¢o, as well as all
fermions present in the SM. In our present treatment,
we will consider only one quark flavor in the Yukawa sec-
tor, namely the top, since it has the largest coupling to
the Higgs field. The top quark couples to one doublet
only (by convention ¢2), and we have not yet committed
to a specific type of 2HDM (I or II).
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The extended scalar sector of our model reads

2

‘Cscalar = Z(DM¢Z)T(DM¢1) + V((blv ¢2)7 (2)

i=1

with usual covariant derivative D,, and the potential

Vg1, d2) = ud1 0161 + 3005 d2 + il 2 + 3sdh b1
F A (P101)2 + Ao (Db da)? + A3(d61)(php)

£ A(8162)(6h61) + 22 (8162)? + 22 (0ho)”
3)

In general, C(P) symmetry is broken when A5 or u?, are
complex; we have discarded so-called hard CP-breaking
terms, often parametrised by A 7, cf. [211 [26].

The first three-dimensional effective theory, obtained
by integrating out the ‘superheavy’ hard scale 7T (see
e.g. Ref. [20] for details of the procedure), has schematic
form

S = /dBJJ [ﬁé‘z{lge + ££§;lar + ‘Cégr)nporal} ) (4)

again suppressing ghost and counterterm contributions.
The field content is now SU(2); and U(1l)y gauge
fields; two Higgs doublets; and temporal scalar fields
A§, By, Cy. The fermions are integrated out and the
SU(3). gauge fields can be neglected [20]. The funda-
mental scalar sector remains of the form

= (D, ¢1) (Dyd1) + (Drp2) (Dy2) + V (1, ¢2),

where r = 1,2, 3 is summed over. In the second step of
DR, the heavy temporal scalar fields are integrated out.

Although the theory in (4)) is already suitable for lattice
simulations, it can be further simplified by noticing that
¢1 and ¢ mix when p2, # 0, and near the phase transi-
tion there typically exists a hierarchy between the mass
eigenvalues. This observation—specific to the 2HDM—
allows us to integrate out the heavy mode and study the
phase transition with only one scalar field coupled to the
gauge fields. Our final effective theory becomes

£(3)

scalar

S = /dBm I:f’gx)uge—"_ﬁgie)ﬂar ’ (5)
LE) = (D) (D,d) + (3676 + As(610)%.  (6)

Here, ¢ is the remaining light ¢1-¢o mode, and the pa-
rameters of the theory include /i3, A3 and the 3D gauge
couplings g4 and g3 for the U(1)y and SU(2) interac-
tions. As in the analysis of Refs. [3 [I8], we omit all
non-perturbative effects related to the U(1)y field.

The main task of DR is to perturbatively match the
parameters of the original 4D theory, Eq. , to those of
the final effective theory, Eq. @ This is accomplished by
demanding that the effective theory reproduces the static
Green’s functions of the original theory at large distances

R > 1/T. This results in a number of matching relations
from which the effective theory parameters are solved.
This procedure is presented in Ref. [26] and summarised
in the Supplemental Material [27].

As discussed above, the effective theory of Eq. @ has
the same form as that of the SM, studied in Refs. [3H5],
but with different matching relations. This allows us to
adopt existing numerical results for the strength of the
phase transition, and study the phase diagram through
our matching procedure alone.

The validity of DR can be quantified by estimating
the effect of neglected dimension-six operators. While
it is difficult to comprehensively gauge their effect, one
can evaluate the change in the vacuum expectation value
(vev) of the Higgs field in the effective theory caused by
the (¢T¢)3 operators. In Eq. (201) of Ref. [I8], it was
shown that in the SM the dominant neglected contribu-
tion comes from the top quark; its effect is about one per-
cent. In the first DR step where the superheavy fields are
integrated out, we estimate the effect of new BSM contri-
butions by comparing their magnitude to the contribu-

tion from the top quark [see Egs. (A34JA35)) in the Sup-

plemental Material]. However, in many cases the opera-
tor (’)536) = A6(¢T¢)§D generated when the heavier dou-
blet is integrated out dominates over the six-dimensional
operators of the first step, denoted {Off)i}. We discuss
these operators in detail below. ’

Finally, although the parameter matching is per-
turbative, the study of the 3D phase diagram is
non-perturbative and—within the limitations of lattice
methods—exact. The main advantage of our approach
lies in proper handling of the infrared physics, which
causes trouble in traditional perturbative studies of the
EWPT. Resummations are performed when the super-
heavy and heavy scales are integrated out perturba-
tively, and the problematic light modes are treated non-
perturbatively on the lattice. However, the mapping to
precise values of the 4D parameters, where this phase
transition occurs in the 2HDM, is limited by the accuracy
of the perturbative truncation. We organise the expan-
sion in terms of the gauge coupling g, and perform the
DR to O(g*). Thus the calculation is carried out at the
one-loop level for quartic couplings, and two-loop level for
mass parameters. This exceeds the accuracy used in the
perturbative calculations of e.g. Ref. [28] (see, however,
Ref. [29] for a recent two-loop perturbative calculation in
the inert doublet model). The uncertainty in the effec-
tive theory due to the choice of renormalisation scale is
discussed in the Supplemental Material.

III. SCANNING THE PARAMETER SPACE

The phase diagram of the dimensionally-reduced the-
ory can be mapped using the dimensionless parameters
r = M\3/3%, y = [13/45. Tt is known that within this the-
ory the EWPT occurs near y ~ 0, where the Higgs mass
parameter becomes negative. In Refs. [3H5], it was found



that the transition is first order for < 0.11, and strongly
so for x < 0.04. In this paper we are focussed on finding
where the crossover turns into a first-order transition.

We search for areas of 2HDM parameter space that
map onto regions of the 3D effective theory with z <
0.11 and y ~ 0. Since there are ten real parameters in
the 4D theory and only three in the 3D one, inverting
the mapping process is not unique. We perform scans
of the 2HDM parameter space, guided by the results of
Ref. [30] that combine phenomenological constraints with
a one-loop resummed perturbative determination of the
effective potential. Other recent treatments are found in
Refs. [311, 32].

A uniform scan through a 10-dimensional space is com-
putationally expensive; we must therefore make some
simplifying assumptions. We take all parameters of the
2HDM to be real, setting Im()\5) = 0, Im(u3,) = 0. This
eliminates extra CP violation in the model, which would
be crucial for baryogenesis. However, the effect of these
imaginary parts on the strength of the transition is ex-
pected to be negligible; the CP-violating phase must nec-
essarily be small due to EDM constraints [33H35].

Next, we reparametrise the model following Ref. [30],
applying tree-level relations between the MS parameters
and physical quantities; accounting for (possibly sizeable)
loop effects from vacuum renormalisation is left for future
work. The masses of the CP-even scalars are denoted by
mp = 125 GeV and myy,; that of the CP-odd scalar
by ma,; and that of the charged scalar by mpy+. We
also employ two angles a and 3: « parametrises mix-
ing between the CP-even states, while 3 is related to
the ratio of the vevs tan(g) = Z—f Here, 11 and vy are

the vevs for ¢; and ¢, respectively, with v? + v3 = 12
and v = 246 GeV. Finally, there is the squared mass
scale M? = p%(tan(B) + 1/tan(B3)), where we treat
u? = —Rep?y as an input parameter. The relations be-
tween the physical states and gauge eigenstates can be
obtained from Ref. [30]E|

We also fix my+ = may,, since EW precision tests
require the mass of the charged Higgs to be roughly de-
generate with either Hy or Ag [36] [37]. Furthermore, we
work in the alignment limit, setting cos(8 — a) = 0. In
this limit, the CP-even scalar h couples to SM particles
exactly like the SM Higgs. We investigate relatively few
values for tan(f), whereas we perform a more exhaustive
scan in a three-dimensional parameter space spanned by
mu,, Ma,, and pu?. At each point, we require that tree-
level stability and unitary constraints be satisfied; for de-
tails, see Ref. [26]. Furthermore, for the scaling assump-
tions of DR to be valid, the tree-level mass parameters
111, poo and w2 should be comparable to the Debye mass
mp ~ g1 near the phase transition. This sets an upper
bound for the input parameter p < 200 GeV. Finally,

L' In Eq. (A.1) of Ref. [30], there is a misprint in the powers of
tan(B) in the equations for A1 [cos(B — a)tan(8) — cos(8 —
a)/tan(B)] and A2 [cos(B — a)/tan(B) — cos(B8 — a) tan(B)].

we verify that in the effective theory the other doublet
really is heavy near the phase transition, so it is justified
to integrate it out.

IV. RESULTS

Following our scanning protocol outlined above, we fix
tan(3) and scan in the two scalar masses mpy, and my,
between 137.5 and 562.5 GeV at spacings of 6.25 GeV, a
total of 4624 points. A dense scan in y is then carried out
for each pair, from 10 to 150 GeV at intervals of 2.5 GeV
for a total of 56 values. In all, each of our fixed-tan(5)
plots results from scanning approximately 260 000 points.
The upper limit on p is chosen to ensure that DR is valid,
as explained above.

We first check whether each point is physical, accord-
ing to our criteria. If so, we then perform DR for evenly-
spaced temperatures between 80 and 200 GeV, at inter-
vals of 20 GeV. This allows us to find the value of x
when y = 0—on the critical line—by interpolation. We
then use z to characterise the phase transition. We take
0.0 < z < 0.11 as an indicator of a first-order EWPT,
the upper limit coming from previous lattice work.

Combining different values of p, we indicate the rel-
ative number of points with a first-order phase transi-
tion as a heat map in Fig. [T} for three separate values of
tan(f). The majority of our points reside in the region
ma, > Mmp, +myz, in accordance with Refs. [28, [30] (see,
however, Refs. [31], 32]). In our framework, sufficiently
strong interactions with the second doublet are necessary
to bring = down from its SM value of > 0.11. Although
the relation between the 4D inputs and x is complicated
by the diagonalization, a mass hierarchy between Hj and
Ap generically results in large portal couplings A3_5 and
small values of x in the upper region. However, at small
tan(3) we also see a considerable number of points in
regions where this does not hold.

In Fig. [2| we show a breakdown of the heatmap plot
with fixed tan(8) = 2.0 for two values of pu. We include
here an estimate of the effect of two of the neglected
six-dimensional operators Off)l and Off)Q produced when
the superheavy scale is inteérated out. Generally, de-
creasing values of x correspond to increasing importance
of six-dimensional terms: when the effect of these terms
becomes large, DR breaks down. These plots also show
how the lower first-order region disappears as p increases.

We have found by explicit computation that the
negative-z region at large my4, is due to the omission

of the six-dimensional operator (’)gj) in the last DR step
that, although inversely proportional to the heavy dou-
blet mass, obtains sizable contributions from the large
couplings. We estimate its effect by computing the
dominant tree-level diagram contributing to the oper-
ator coefficient (see [38] and the Supplemental Mate-
rial) and determining the two-loop effective potential
in the final effective theory with this operator included
(cf. Refs. [18,89]). We stress, however, that the effective
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Figure 2. Slices with different values of p, p = 50 GeV (top)
and 75 GeV (bottom), and fixed tan(3) = 2.0. The validity of
DR is estimated by showing the relative effect of the neglected
six-dimensional operators (9546?1, Off’)z. The white regions are
either unphysical or there is no transition. At large mpu, the
effects of six-dimensional operators render the first DR step
unreliable.

potential is only a tool for estimating errors from omit-
ted six-dimensional operators; our results concerning the
phase transition are obtained using the non-perturbative
phase diagram of [3] [].

In Fig. the effective potential is depicted at two

valued?| of @, both with and without the effects of the
six-dimensional operator (’)536). The field ¢ is the 3D

background field, defined via (¢)sp = % (() l)T and

related to 4D fields as described in the Supplemental
Material. The figure demonstrates how at z = 0.108—
near the crossover boundary—the six-dimensional oper-

ator Ogi) has a negligible impact on the potential, while
for z = 0.068 (which corresponds to ¢./T. = 0.7) the ef-
fect is already sizable, continuing to grow as x decreases.
Hence integrating out the heavier doublet is expected to
be a valid approximation when the transition is of weakly
first order, but becomes increasingly challenged near the
strong transition limit of x < 0.04. While we expect our
results to be qualitatively robust even there, reaching
quantitatively accurate results for very small x clearly
calls for simulations with two dynamical doublets, which
we leave for future work.

Experimental constraints on the 2HDM parameter
space depend strongly on the way in which fermions cou-
ple to the Higgs doublets. With the exception of the top
quark, other Yukawa couplings have little effect on our
EWPT analysis, and we have still to indicate whether
we are considering Type I (all quarks couple to ¢2) or
Type II (up-type quarks couple to ¢o, down-type to ¢1)
2HDM. The most stringent constraints come from flavour
physics, where B-decays set the bound myg+ 2 580 GeV
for the charged Higgs mass in Type II [40]. Assuming
that mﬁ is degenerate with m 4, in accordance with EW
precision tests, this rules out our regions of first-order
EWPT in Type II, but no such lower bound exists in
Type I for tan 8 > 2 [40] 41].

Additional restrictions come from direct searches for
neutral Higgses at the LHC [42]. For Type I, the

2 The exact input parameters used were ma, = 270GeV (v =
0.108) and my, = 280GeV (z = 0.063), with tan(8) =
2, mpy, =180GeV, p = 75GeV, my+ =my, and cos(8—a) =
0 for both cases.
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Figure 3. Two-loop effective potential in the final effective
theory with the dominant six-dimensional operator (9%6) of
the last DR step included, evaluated at the critical tempera-
ture. At small z, integrating out the second doublet causes
significant error, as is seen from the shift in the potential

minimum.

Hy — 77 cross section is suppressed by cot? 3, and our
choices of tan 8 are within current experimental bounds.
Finally, we have verified that the mass range we scan in
is allowed by measurements of the h — v decay [43],
as well as the relatively recent search for Ag — Zh pro-
cesses [44]. Having not scanned in the hidden-Higgs re-
gion where constraints from charged-scalar searches be-
come important [45], we conclude that our first-order
EWPT regions are currently not ruled out by experi-
ments if a Type I 2HDM is assumed.

V. DISCUSSION

It is a shortcoming of present-day particle cosmology
that it is still impossible to reliably determine the nature
and strength of the EWPT for a given BSM scenario.

This information would be valuable not only for EWBG,
but also for gravitational wave physics, as a first-order
EWPT would leave an imprint in the sensitivity range of
the LISA mission and other proposed gravitational-wave
detectors [46].

We have taken a step towards remedying the situation
by studying the mapping of the phase diagram of one
viable BSM theory, the 2HDM. Our results concern the
EWPT in the alignment limit cos(8 — «) = 0. Our work
so far supports the idea that the primary signature of
a first order transition in this theory is indeed my4, >
mp, + mz, as suggested by Refs. [28] B0].

The techniques discussed in this paper can be applied,
with suitable modifications, to a host of other models
where a substantial region of parameter space can be
mapped onto the three-dimensional theory of the mini-
mal Standard Model. In the future, our aim is to per-
form a thorough comparison of perturbative and non-
perturbative results in the 2HDM by keeping both dou-
blets dynamical in the effective theory. Similar projects
to study the EWPT and benchmark the accuracy of per-
turbation theory are already underway in the Standard
Model augmented by a real singlet [47] or triplet field [48];
the EWPT has been perturbatively analysed for the for-
mer in Refs. [49, [50], and for the latter in Ref. [51].
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Supplemental Material

Appendix A: Dimensional reduction of 2HDM

In this Supplemental Material we collect the matching relations between the full four-dimensional theory and
effective theories. A detailed derivation can be found in Ref. [26].

1. Three-dimensional effective theories

We denote the fields of the effective theories with the same symbols as those of the four-dimensional theory,
even though their normalisation is different and will affect the mapping between full and effective theories. These
normalisations between 4D and 3D fields have been listed below.

The schematic form of classical Lagrangian density of the effective theory was given in Eq. of the main paper.
The temporal part reads

£(3)

1 U P | 1 R |
temporal — i(DTAO)2 + 7m%)A0AO + 5(8TB0)2 + 7m/[2)Bg + Z"<51(AO"4O)2 + ZK2Bé

2 2
1 A .= a pa
+ RsAGAGBS + gl o1 AFAG + ha| 61 BG + hsBodl Ao - 71 + hadhda ATAG

+ hsdlpa B + hgBogh Ag - b + 5(87‘00 )* + §mlzl)200 O +wsCeCedlpa. (A1)

Here the covariant derivative of an isospin triplet reads D, A2 = 0, A2 + g3e?*©Ab AS. and for the temporal gluon C§
ordinary derivative is used instead of covariant derivative as gluons are discarded for only contributing at a higher
order [20].

After the heavy temporal scalars have been integrated out, their effects are encoded by the parameters and fields
of a new theory where the parameters are denoted with a bar as gs, g5, ﬂ%l,B etc. In this theory, the phase transition
takes place close to a point where the mass matrix has zero eigenvalue, and then generically in the diagonal basis
the other mass parameter is heavy. By performing a unitary transformation, one can diagonalise the scalar potential.

Denoting Q = \/(/1%73 — fi39 3)? + 4fiT5 3fiT, 5, this transformation read

<Z> - (3 §> (Z) (A2)

where
o 2 y go s e - ) :
\/ 44| Eathion) s \/ 44 [Pt
. _22 _ 5 5= (B33 — ﬂ_%fﬁ +_§2*) . (A3)
\/4 i ‘*(uzz,%;;l,gHQ‘ /_‘%2,3\/4 n ‘f(uzz,gggmﬂﬂ‘
The mass parameters in the diagonal basis read
/735 = %(ﬂ%l,:} + ﬂgz,s - ), fig = %(ﬂ%l,:} + ﬂ§2,3 +Q). (A4)

Generally fi2 is heavy when ﬂi is light, and therefore the field 6 can be integrated out. The scalar self-couplings in

3 Assuming Re ﬁ%2’3 > 0; otherwise, a and é change sign.



the diagonal basis are given by

A1 _
X A3
X5 :_\\2,3
~)\4 - M. S\ig , (A5)
As/2 5\5,37/2
56 73,3/2
A7
where
8]* |of* |BI716]? 161716]? (8*0)>  (Bo*)?
laf* |v]* |af?[y/? |a?[y]? (@)?  (av)?
20|81 2[7?[01* lal?|6]* + [BI*[v[*  2Re(af*™y*d) 2a*B*yd 2aBy*6*
M = [ 2[al|B]* 27?16 2Re(af*™y*d)  |af?|6]* +|B8[7[V[* 20*B*y5 2apy*0* | . (A6)
(aB*)?  (y0%)? af*yd* af*ye* (B*)?  (ad)?

2|BPaB* 2/6|°y0* BT 0*(By+ad) BT (By+ad) 28*yB*6 2a80%6*
2al?a*B 2ly2y*8 o'y (By+ad) oy (By+ad) 2a*yatd 208"

The scalar potential in the diagonal basis reads
V($,0) = 15076 + 13070 + X1 (676)” + Xa(0760)% + X3(676)(670) + \a(670)(67¢)
£ 22(810)7 + 25(076)° 4+ Xo(616)(610) + Xy (610)(010) + Ae(010)(0'0) + 35(010)(916), (A7)
where ¢ and 6 are light and heavy fields, respectively.

When the heavy doublet 8 has been integrated out, the final effective theory is same as in that of the SM, as given
in Eq. @ of the main paper.

2. Matching relations and normalisations of fields

Our calculations are carried out in the MS scheme. We use the following notation:
Ny =2,
A
Ly=2In 7 )~ 2[In(4m) — 4], (A8)
Ly=1Ly+ 41n2,
1 81 ¢'(2)
=—|In(— -2
‘ 2<“<9>+<(2> A

where A is the renormalisation scale of the 4D theory and -y is the Euler-Mascheroni constant.
The normalisations relating three- and four-dimensional fields read

A2 2 [N, —26 1 AN
A2 =D )y 9 (84 Ny 4+ —L (L, —1
3D,0 +(47r)2 6 b+3( + Na) + 3 (Lf=1) ¢,

Azp 2 /N;—26 2 4N
A3 2. [1-1- J ( d6 Lb_3+3fo>:|7

B2 2T Ly, 1 20N
By= 200y I N (222 ) 2,
o=~ Mz |ValG T3) T Bl

g'2 Lb 20Nf
1 N2 2 A
+(47r)2(d6+ 9 ) (A9)

(1) =772 1= e (Gos + 0 )|




A
(she2), = ( 21ﬂ)4D {1<4i)2 (i(3g24g”>L53gil¢)],

(¢I¢2)4D {1_ 1 <3

, 3
(¢§¢2)3D = T (47‘1’)2 1(392 +g Q)Lb - Q%Lf)] .

2
For dimensional reduction, the required ingredients include matching relations between the 4D and 3D theories, one-
loop $8 functions (to make the matching relations renormalisation scale independent) and finally the relations between
MS-parameters and physical quantities.

We use the tree-level relations, despite the fact that for consistent O(g*) accuracy one should use the one-loop
corrected relations. This would require performing one-loop vacuum renormalisation of the physical quantities. This
is a non-trivial task, and is left for the future. In the special case of the inert doublet model, the one-loop vacuum
renormalisation can be found in Ref. [29]. Below we list all needed matching relations, while 8 functions and relations
of MS-parameters and physical quantities can be found in Ref. [26] with detailed derivations and explicit, step-by-step
intermediate results.

a. Integration over superheavy scale

A full O(g*)-accurate dimensional reduction requires the evaluation of the mass parameters at two-loop and cou-
plings at one-loop order. The results are listed below.

44N, N
mp = ¢*T? (+6d + 3f> (A10)
N, 5N
mp = g"*T* (6‘1 + 59f>, (A11)
N
mpy = g2T* (1 + Gf) (A12)
2
g% (44— Ny 2 AN
95 = gQ(A)T{l e ( ot g - Tfo : (A13)
g% (N, 20N
4 16+ Ny — AN
m:Tlg 5 i ;, f (A15)
Y[
g™ [Ny 380
=T33 5 A16
2 167r2<3 817 ) (A16)
2,12
K3 = T‘(i692 <2Nd — g f>, (A17)
Y
2(A)T 1 ([44-N, 53 Ny 4N 2
=~ (4) (H (4%)2{{ 6 dL”E*?d* 3f(Lf1)}92+92
+ 1201 +2(2X3 + )@}), (A18)
g*(MT 1 (362 [1 Ny 20N "
- 1 S LY TN 7 e i |
ha 4 Tz 2 T2 6(+b) g (Er=D
+ 12X\ + 2(2)\3 + )\4)}), (Alg)
A)g (AT 1 5+ N, 3-N, 44— N, N,
hg = g( )92( ) {1+ o [_ - d92+ - dg'2+Lb( > d92_12dg/2>
2, 10
— Ny(Ly—1) <392 + 99’2> +4X1 + 2/\4} } (A20)
2 12
_PNT 1 (44— Ny 53 Nag 4Ny, 1., 4% .,
hy = 1 1+ (an)? 6 Ly + 6 3 3 (Lf 1)|g° + 5 69y (A21)
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+12X2 4+ 2(273 + )@}), (A22)
g2(N)T 1 (3¢ [1 Ny 20N o 34,
- 1 2oyl etn,) - =L, - =
hs 4 a2 T2 6(+b) g (L= D97 = 3oy
+ 12X + 2(2)\3 + )\4)}), (A23)
g(A)g'(A)T 1 5+ Ny 5  3— Ny 9 44 — Ny 2 Ny 9
= - L _ 4
he 5 L e AR A ) (e T el e v ¥
2 2 10 2 2
= Np(Ly =D)( 397+ 597 ) + 20 + 2o+ 20| 4, (A24)
2T 45,
w3 = 1671'2 959y (A25)

1 1
A3 = T{/\l(A) + e {8 (394 +g'+ 2929’2)
3 1
— Lb (16 (394 + 9/4 + 2929/2> + )\g + /\3/\4 + 5)\2 *|/\5|2 (39 + g 8/\1))\1>:| }, (AQG)
1
A2,3 :T{/\Q(A)+(4w){8 (39 +¢" +24% ) +3Lf(gy —2>\29Y)

_Lb(

_ 1 1 4 2 12\ 2
A3z = T{)\?,(A) + )2 {4 (39 +g¢" —24% ) 3Ly Asg5

(394 + g/4 + 292 /2> + )\2 + A3Ag + )\4 7|)\5|2 (39 + g — 8)\2))\2>:| }, (A27)

&l

3 3
— Ly (8 (394 +¢* — 24%g ’2) + 201 4+ A2)(BA3 + Ag) + 203 + A3+ | A5)% — 3 (3g2 + g’2) Agﬂ ,

(A28)
1
Ags = T{A4(A) + ()2 {929’2 — 3L \agy
3 3
— Ly (2929/2 + 2001 + A2) A + 207 + 4Ashg + 47 - 5 (392 + 9/2))‘4” } (A29)
1 3
and )\5,3 = T{)\5(A) + W |: - 3Lf/\5g%/ — Lb <2(>\1 + /\2 + 2)\3 + 3)\4))\5 — 5 (392 + g'2)A5)] } (ASO)

These relations have been calculated previously in Ref. [22], with the restriction of A5 being real rather than complex.
We have corrected two minor errors in the expressions for Ay 3 and As 3 for the terms involving As.

In the Standard Model, the O(g*) result for the 3D scalar mass parameter reads:

2

(4o, =Ba(A) + 75 (367(4) + 9°(A) + 493 (4) + 8xo(A))
1

3 2
- 2 hd 2 / o o 2
+ 1671_2{#22((4(39 +9%) = 63 ) Ly 3gYLf>

167 1 4 3 1 2
+ 17 (9694 + %gl I 99" + 1)\2(392 +97)

5 4 3 . 0
L ( = Vi = 2 /
+ 169 9 T 167

1 3T\ /39 , , ,
+ 7 (c+ln(A3D))( =98+ 12g3hs — 61 + 9g3has — 12X 4

3
+ 20307 +9%) — 6X3)
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- %glg - 2959'3 — 2h3 — 3h§ + 39'§A2,3)

-9y (%92 + %9’2 + 29?) + (%94 + %9’4)1\0

+ Ly (912/ (1%92 + gg’z +2¢7 — 3/\2) + ggé - (ig4 + %g’4)Nf)

@) (gf (~ 29— o0g” + 202+ %) — ogb + (o' + 2g'4)Nf)) } (A31)

This result can be found also in Ref. [I§], apart from the two-loop contributions involving ¢, as in that paper these

were assumed to scale as g/ ~ g2.
In the 2HDM, the 3D scalar mass parameters read:

(#32,3) SJHDM :(ﬂgzs) " + 71;; (2>\3(A) + /\4(A))

+ 1{u% (- Lo2rs +29))

1672

5 5 1
+T2(g4 gt =

2
18 11 24(392 +9"7) (23 + \g)

1 3T 1 4 4 1 2 2
+t 72 (C +1n <E)) ( — 5895 +9'5) + 5395 +9'3) (253 + Aaa)
—2(M 5+ Aaaha + Xa) — 3Assl?)
7 7 4 1
Ly — —g* — —g" — (A1 + \)(2Xs + A
+ Ly = 559" = 559" — 5001 + M)(@2As +A)

5, 7. 5 3 1 )
- 6>\§ - EAZ —ghaM 1|>\5\2 + §(392 +9"7)(2xs + >\4))
1
+ ( — 1932/(2)\3 + )\4))[/]0) },
and
2 2 T 2 12 4
15 = () + T2 (30%(0) + ¢ (A) +8X(4) + 3 (2hal(A) + A1) ) )

1 3 5
1672 {L” ((4(392 %) =6 )it — 20 + A4)M§2>

1

57 (39° 92X + M)

59 11 4 3 5.0 1 2
2( 927 4 49 9y 1 2 /
+T <329 + 55?199 +4>\1(3g +47)+
27 17 4 3 50 1 2 1

Lo(=g* — —=¢" — =¢%¢"“ + (30> + ¢ )(6X1 + 223 + M\g) — = (A1 + X2)(2A3 + A
+ b(32g 969 1699 +8(g +¢"7)(6A1 +2X5 + \y) 2( 1+ A2)(2A3 + A\4)

5., 5 7., 3
_ 2 Y2 Y P y2 Y 2
6XF = 2% — 2hada — oM — S sl?)

1 3T .\ (33

+ 5 e+ IH(E)) (598 + 12031 — 6h3 + 993210 — 12X3 5
T 49 1

- 1*69’;,L — Q939’5 — 2h3 — 303 + 395 A5 + 5 (305 + 9'5) (2Xa.3 + Maa)

— 2005+ daahia + Ma) - 3Assl?)

1 4 5 /4 12 1 4 b 14
— — ¢ )Ny + L (—f 2 —(5g*+ = N)
+ (359 + 1087 INg + Ly ( = 397 (225 + A1) = (19 + 359 )Ny

+1n(2) (gg%/ (22 + A1) + (gg‘1 + Zg"*)Nf)) } (A32)

and finally
1

N%Q,S = i, (A) + 1672

3 N 3
{Lb ((4(392 + g'2) — A3 — 2)\4)M%2 - 3)\5N%2> - 29%/#%21/1“}’ (A33)
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We emphasise that all matching relations in the first step of DR are independent of the four-dimensional theory
renormalisation scale A to the order we consider here, which can be seen by applying the 8 functions to the tree-level
terms. This serves as a crosscheck of the correctness of our calculation. In practice, we fix A = 4we 7T =~ 7T, and
have verified that the choice of A has negligible effect on our results.

These relations for the two-loop mass parameters have been calculated previously in Ref. [23], under the assumption
of A5 being real (sce also Ref. [24]). However, in Ref. [23] there are again minor errors propagating from the one-loop
result of Ref. [22].

Note that in the coefficients of ¢ + ln(%), we have used a higher order result that can be obtained by solving the
running directly in the 3D theory; because the 3D theory is super-renormalisable, this is the exact dependence of the
3D theory renormalisation group scale Asp. The mass counterterms in the 3D theory can be found in Ref. [26]. We
have fixed the renormalisation scale of the 3D theory as Azp = g2, but it is possible that some other choice would
be more suitable for resumming higher-order corrections, especially when the couplings are allowed to be large. We
leave a quantitative analysis of renormalisation group effects in 3D for future work.

We estimate the validity of the effective theory constructed using the above matching relations by evaluating to

order O(g®) the terms (’)1(46,)1 = AA’1(¢>J{¢1)§D and (91(467)2 =A42 (¢£¢2)§D, where the coefficients are given by

¢(3) 3, 13 3 3 3 6 3 9 12\3
_ <(3) 3 1 3 3 3 3 6 3 2 1273 21 6
AAQf3(47T)4(30)\2+4)\3+>\++>\_+329 + ot + g% - b ), (A35)

where Ay = %()\3 + A4 £ X5). The last term in the above equation is the contribution from the top quark. Comparing
the magnitude of the other terms to that term yields a rough estimate of the importance of neglected six-dimensional
operators.

b. Integration over heavy scale

Here we list the matching results for the parameters in the simplified 3D effective theories, where the heavy temporal
scalars and the heavy second doublet have been integrated out. The two-loop contributions to mass parameters are
highlighted with subscripts. One could give the coeflicients of logarithmic contributions in terms of the running in
the final theory here as well, but we have omitted this for simplicity.

2
2 —2(1- 9 ) A

93 93( 24rmp /)’ (A36)
gi/’? :géz’ (A37)

1
ﬂ%l,?; :H%Ls i (ShlmD + h2mb)

1 3
+ 162 (3g§h1 = 3hT = h3 — Sh3
3 Al Al
+ (—f 4 1 12¢2h )m(ﬁ) —6h21n(¢)
193 g3t 2mp ! 2mp + pi1,3
A A
—2n3n (=20} — 3p3m 3D )
2m'y + p11,3 mp +mp + p11,3
h? h? hih hoh
+2p11,3 (371 + ,2 ) + 222,3 (3 S 2, 5)) ; (A38)
mp mp mp mp 2-loop
1
/132,3 :Ngz,:s I (3h4mD + hsm’p + 80J3m/[I)>
1 3
+ 153 (3g§h4 —3h3 — h2 — §h§

3 4 2 Ag’)D 2 Ag’)D
+ ( B 193 * 12g3h4) In <2mD) B 6h4 In (QmD + /,L2273)

2 Asp 2 Asp
— 2020 (52— ) — 32 n : )
2m'y + p22,3 mp + mp + 22,3
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h? h? hah hsh
+ 2223 (374 + 7?) +2p11,3 (3 1y 5, 2)) ) (A39)
mp mp mp mp 2-loop
[it2,3 =123 (A40)
- 1 /3h? h2 h?
A1z =A13 — 3 (71 +— 73/)’ (Adl)
T \Mmp mp mp +mp
- 1 /3h2 h? h?
A23 =23 — 3 (74 7,5 76,)7 (A42)
T \Mmp mp mp +mp
- 1 /3h1h hoh hsh
A3’3:A3’3_Z( 1 2,5+ 370 S )7 (A43)
T\ mp mp mp +mp
A3 =Aa3 (A44)
and 5\5’3 :)\573. (A45)

The temporal scalars have only a small effect on the running of mass parameters. We therefore fix the renormalisation
group scale in the resulting effective theory as A4 = Asp.
When the second doublet is integrated out as a heavy field, the parameters of the final 3D theory read

-
2 —g2(1 - 93 Ad
93 93( 487r,79>’ (A46)
—12
72 a2 (1 _ 93 A4
9s =93 ( 487rﬁ9)’ (A47)
.~ 1 1/ ~ -~ o~ -~ ~
A=\ — or 5 (2A§ +2X30 + AT+ |A5]? — 48 Re(As A7) + 48\)\6|2), (A48)
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An estimate of the validity of this last step of dimensional reduction is obtained by deriving the dimension-six
operator Ag (¢T¢)§D omitted from our phase transition analysis. The dominant contribution to it originates from a
tree-level diagram proportional to [AZ| [38], which we calculate at zero momentum. Performing parameter matching,
we obtain

;\_§|Xﬁ

6 (A50)

= o
3 mg

and computing the effective potential with this operator included gives an estimate on its effect on the dynamics of
the effective theory. Details of the calculation are to be found in the companion paper [26].

The renormalisation scale of the final 3D theory is fixed at the light scale as A%, = g3 to match the choice of
Ref. [B]. In regions of the parameter space where the transition is of first order, A\ is necessarily small. Consequently,
the effects of running are very mild in the final effective theory. In particular, we have verified that the six-dimensional
estimate of Fig. [3|is not sensitive to the choice of Ajp.
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