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Abstract We discuss different choices that can be made
when matching a general high-energy theory — with the
restriction that it should not contain heavy gauge bosons —
onto a general renormalisable effective field theory at one
loop, with particular attention to the quartic scalar couplings
and Yukawa couplings. This includes a generalisation of the
counterterm scheme that was found to be useful in the case
of high-scale/split supersymmetry, but we show the impor-
tant differences when there are new heavy scalar fields in
singlet or triplet representations of SU (2). We also analyti-
cally compare our methods and choices with the approach of
matching pole masses, proving the equivalence with one of
our choices. We outline how to make the extraction of quartic
couplings using pole masses more efficient, an approach that
we hope will generalise beyond one loop. We give examples
of the impact of different scheme choices in a toy model; we
also discuss the MSSM and give the threshold corrections to
the Higgs quartic coupling in Dirac gaugino models.
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1 Introduction

In the absence of clear collider signals of new particles, there
has been much recent interest in constraining deviations from
the Standard Model (SM) in terms of effective operators. This
approach to the “Standard Model Effective Field Theory” has
primarily been interested in higher-dimensional operators
that encode new effective interactions, for example recent
work on calculating these in general theories can be found in
[1-11]. However, there is also important information that can
be extracted by matching the renormalisable couplings of the
SM. In particular, this is an increasingly important approach
to calculating the Higgs mass from a top-down theory, pro-
viding a more accurate calculation than a fixed-order one
once new particles that couple to the Higgs are above a few
TeV. It is the only approach to constraining the Higgs mass
in split supersymmetry [12-14] where new physics could
be around 100-10° TeV [15,16]; high-scale supersymmetry
[15,17-20] where it could be around 10’-10° TeV; the FSSM
[21,22] where it could be as high as the GUT/Planck scale,
etc. Moreover, there is also a parallel effort considering the
low-energy theory to be a simple non-supersymmetric exten-
sion of the SM such as a Two-Higgs-Doublet Model (THDM)
[23-27], and then it is very interesting to match these theories
to new physics at a (much) higher scale.

With this motivation, we require: (i) the extraction of
the renormalisable couplings (gauge couplings, Yukawa cou-
plings and scalar quartic couplings) in the low-energy the-
ory from observables; (ii) renormalisation group equations
(RGEs) for the low-energy theory; and (iii) threshold correc-
tions at the matching scale which we shall denote throughout
M. The RGEs for general renormalisable field theories have
been known for some time up to two loop order [28-35]
and can be obtained for any model by SARAH [36-39] or
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PyR@TE [40,41], and higher loop orders are available for
the SM. On the other hand, for (i) and (iii) the information
is less complete: when the low-energy theory is the SM, the
Higgs mass is used to extract the running quartic coupling,
and the extraction of all couplings can be performed at two
loop order (with some three- or four-loop corrections known),
e.g. in [18,19,42—44], but for general models in SARAH it
can be done only at one loop order, with two-loop correc-
tions to the Higgs mass in the limit of vanishing electroweak
gauge couplings [45—47]. Furthermore, threshold corrections
to the Higgs quartic coupling have been computed explicitly
for some models or scenarios such as split/high-scale super-
symmetry, up to full one-loop plus leading two-loop order
[15,20,48-50], and even recently up to leading three-loop
order in [51]. These corrections are implemented in public
codes for the Higgs mass calculation such as SusyHD [49],
MhEFT [24], FlexibleSUSY [52] and FeynHiggs [53—
55]. Thecodes FlexibleEFTHiggs [56] and SARAH [57]
also allow one-loop matching of a general theory to the SM as
the low-energy theory via matching of pole masses. Finally,
the code MatchingTools [58] matches two general theo-
ries to each other, but only at the tree level.

While it is vital to reduce the error in the extraction of
the top Yukawa couplings and strong gauge coupling, the
need for precision in the extraction of low-energy parameters
and especially matching is particularly important for quartic
couplings, which are well-known to be highly sensitive to
quantum corrections, as stressed e.g. in [59]. The purpose
of the running to high scales in the bottom-up approach is to
constrain the scale of new physics or investigate the (scale of)
instabilities of the potential, and these depend logarithmically
on the scale, thus the scale depends exponentially on small
differences in the low-energy parameters.

In this work, we shall instead be interested in the top-
down approach and provide all of the ingredients to match
the renormalisable couplings between two generic theo-
ries where the high-energy theory contains no heavy gauge
bosons (this generalises the most interesting well-known
examples) elucidating the various choices that can be made.
In Sect. 2 we describe three general approaches to obtain-
ing the matching conditions at one loop, of which we shall
develop the one that is most suited to be generalised beyond
one loop. However, our main focus will be on certain impor-
tant further details:

1. Mixing between heavy and light states is inevitable in
models with additional Higgs doublets, and then there are
quantum corrections to the mixing angle(s). This has been
investigated in the case of one extra doublet [20,27,60]
and it was found that a judicious choice of counterterms
allows the calculation to be simplified (so that the mix-
ing angle B is not modified). We show how this can be
generalised beyond one additional doublet.
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2. In the presence of heavy SU (2) singlets or triplets, a tri-
linear coupling with two light Higgs fields is possible,
and then the quartic coupling receives a correction at tree
level when integrating out the heavy states. The pres-
ence of trilinear couplings with two light Higgs scalars
moreover leads to infra-red divergences in the amplitudes
which cancel in the threshold corrections: we explicitly
show how these cancel and how they can be simply dealt
with.

3. In the presence of gauge singlets, tadpoles are generated
before electroweak symmetry breaking. We describe four
different approaches to dealing with them.

4. We show that the threshold corrections to the Higgs quar-
tic, under the assumption that there are no heavy gauge
bosons, are independent of gauge couplings' at one loop,
which is not immediately obvious.

5. It is clear that cubic scalar couplings in the low energy
theory should be at most of the order of the mass scale
of the low-energy theory, which we denote {. However,
if we insist on including such couplings that do not
decouple as we take { — O then we find that we must
include higher-dimensional operators to cancel the infra-
red divergences. We describe this explicitly in Sect. 3.4.

6. As aresult of points (1) and (4) we give, in Sect. 4, what
we believe is the simplest possible prescription for match-
ing general scalar quartic couplings.

7. As mentioned above, an alternative approach to match-
ing quartic or Yukawa couplings when the low-energy
theory is the SM is to match pole masses in the two
theories. However, given that there are different possi-
ble choices for parameter definitions when we perform
a “conventional” matching calculation, it is not immedi-
ately obvious how to compare the definitions in the two
approaches (i.e. to know what we actually obtain from
the pole-matching calculation!). This has been seen in
the case of high scale/split SUSY in [20,27,60], where
the pole mass calculation gives a result equivalent to the
“counterterm” approach to the angle 8, which we define
in Sect. 3. In Sect. 5 we derive the matching conditions
for a general high-energy theory using the pole match-
ing approach, and show the correspondence with the EFT
calculation.

8. As a result of the derivation in Sect. 5, we propose in
Sect. 5.1 a simple and explicitly infra-red safe prescrip-
tion for matching Higgs quartic couplings where we only
need to evaluate two-point scalar amplitudes.

! Note that, in the discussion of a general field theory, “gauge cou-
plings” refers strictly to the interactions of the gauge bosons. In super-
symmetric theories some of the scalar and Yukawa interactions may be
related to the gauge couplings, but for the sake of our discussion they
are treated just like all other scalar and Yukawa interactions.

Our approach to matching is illustrated with examples of the
MSSM and Dirac gaugino models in Sect. 6, and we inves-
tigate the impact of our counterterm choice in a toy model
in Sect. 7. We then describe the effect of fermion mixing
on matching Yukawa couplings in Sect. 8, before concluding
in Sect. 9. The appendices contain our notation, the general
results for threshold corrections, and specific results for Dirac
gaugino models.

2 Deriving the matching conditions

In this paper we are interested in corrections to scalar quartic
couplings in general renormalisable field theories, the effect
of mixing of scalars, and gauge (in)dependence of the results.
It turns out that in the body of the text we only explicitly need
to refer to pure scalar interactions, and some interactions of
scalars with gauge bosons. We will work in terms of real
scalars, which we denote as {®;} — with indices {i, j, k, ...}
—in our high-energy theory, and as {¢, } — with indices drawn
from {p, g, r, s, x, y} —in the low-energy theory.” The gauge
bosons — which appear in both the high- and low-energy
theories, since we shall not consider the case of integrating
out heavy gauge bosons — are denoted as Aj; with indices
{a, b, c,d}. Then the Lagrangian terms of the high-energy
theory (HET) that are relevant to the matching conditions
are

1 1
Lyer D — 1 P; — Emlzcblz — ga,'jkq)i(qu)k
1 - .
- ﬂ)\ijquDiq)jq)kq)l + g AL @M D, (2.1)
while the effective low-energy theory contains
1
»CEFT D __)&pqrs¢p¢q¢r¢s + guquZ¢p8M¢q- (2-2)

24

Since the gauge group is unbroken in each case, the couplings
g%P4 are proportional to the group generators (in a real rep-
resentation). The full set of our conventions (and loop func-
tions) is given in Appendix A, but it should be emphasised
that we take all purely scalar couplings —i.e. a;jx and A;jx
— to be fully symmetric under the exchange of indices, and
the g%/ couplings to be antisymmetric under the exchange
i < j. Note also that we can assume without any loss of
generality that we are working with scalars defined in the
mass-diagonal basis.

We shall treat the above fields as fluctuations around their
values at the minimum of the potential. Since we are assum-

2 Note that we will also use indices {p,q,r,...}for states of the high-
energy theory that can be identified as light and therefore correspond to
states in the low-energy theory.
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ing that no gauge groups are broken before electroweak sym-
metry breaking, the only fields that may obtain an expectation
value in the HET are gauge singlets. If we start in some basis
where the fields have expectation values {v;} then to obtain
(®;) = 0 we should make the shift

1 1-
2
fi = 1+ mivi 4 S dijevj v+ gkijkzvjvkvz,
1-

2 2
m;8;j — midij + ajjrvx + Ekijklvkvz,

aijk = Gijk + Mijrivi, (2.3)
and then diagonalise the mass terms again.

We shall match our two theories together at some scale M,
assuming thatall “heavy” fields have masses of this order, and
take the mass scale of our low-energy theory to be { < M.
We shall have in mind that this hierarchy can be of more than
one-loop order, but in any case since we are only matching
at one loop we can treat masses that are suppressed by one
loop compared to the scale M —i.e. all m%,q — as effectively
zero. For example, taking the SM as low-energy theory, { ~
v ~ my,. Then it is convenient to take the limit { — 0 in the
loop functions for the final expressions, as terms of order ¢
would lead to corrections to the result suppressed by powers
of v/M, i.e. equivalent to higher-dimensional operators.

While the SM contains no cubic scalar couplings prior to
electroweak symmetry breaking, a general low-energy theory
(involving, e.g. electroweak triplets or singlets) could con-
tain them. However, as mentioned in the introduction, for
consistency of the theory we must require

apgr ~ €.

One way to see this is just from unitarity considerations [61,
62], and implies that we must include higher-dimensional
operators in the theory. Another perspective is that if we
allow cubic scalar couplings in the low energy theory then
we must add a finite set of higher-dimensional operators to
cancel infra-red divergences; we discuss this in Sect. 3.4.

In the presence of singlets, tadpole terms —7,¢, may also
appear in the low-energy theory Lagrangian. However, once
again these must at least be linear in the light mass scale

tp ~¢C.

Consequently, when we take the limit { — 0 terms with
either ¢, or ap,, vanish, and we have therefore excluded
them from Eq. (2.2).

We shall now briefly review three methods of deriving the
matching conditions between these two theories.

2.1 Diagrammatic

The conventional approach to matching theories is to com-
pare Feynman diagram calculations. The approach in the

@ Springer

next subsection (using path integrals) corresponds to cal-
culating 1PI diagrams, but at the expense of obtaining a
non-canonically normalised low-energy theory. If we want
to insist that our low-energy theory has canonical kinetic
terms, and want to match directly using diagrams, then the
obvious and essentially only approach is to match S-matrix
elements in the two theories. The simplest way to do this is
to take { — O first, making sure that the pole masses (not
just the tree-level masses) of all the light particles are also
set to zero, and then matching the results in the two theories
as the total external momentum is taken to zero.

2.2 Effective action: path integral approach

The other intuitive approach to matching effective theories
comes from the Wilsonian picture: we want to integrate out
the “heavy” degrees of freedom ® g and be left with only
the “light” ones ¢, so on the one hand, in the absence of
mixing, we write [1,2]

eism[m]:/Dq,Heisw)L,oH]
_ oiSloL. 960l
L 828
X €x — — 1T 10, — 5
PL7277%% 7 ez,

where @9, is defined by the relation

)} 2.4
Dp=0%

S

=0,
8oy

2.5)

Py=

and can be expressed in terms of ¢r. This means that we
write

Serrlpr] = SIS + SEa® =S¢y,

i )
2 % T se,

Yl

CIJH:(D?_I)

On the other hand, in the presence of mixing between light
and heavy states the problem of integrating out heavy degrees
of freedom has also been addressed [3-9]; writing

(2.6)

25 8 A x
2
A @7
rs £8 Xiw AL
5pLo®H  §¢2
we can write [7]
_ i
SI{ZF{“OOP = s logdet(Ap — XHLAzleH)’ : (2.8)
2 hard

Here “hard” means that the integral over loop momentum
should be split up into “hard” and “soft” pieces via the method
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of regions, and the “soft” pieces should be discarded. This
neatly avoids infra-red divergences, which must come from
the “soft” part of the integrals (where the loop momentum is
small).

2.3 Effective action: equations of motion method

Since we shall be interested in this work in large separa-
tions of scale between the low- and high-energy theories, we
restrict to only renormalisable operators, and this means we
shall (almost always) only need the kinetic terms and cou-
plings up to quartic order. Moreover, our focus shall be on the
different choices (of parameters, renormalisation schemes
etc.) that are possible, and we want a method that makes these
transparent. We also want a technique that will generalise (in
future work) beyond one-loop order. Such an approach is
given by simply evaluating the effective action up to quar-
tic order for a general theory, and then integrating out the
“heavy” fields using the equations of motion, matching the
terms onto the equivalent ones in the low-energy theory. We
define the effective action for the full high-energy theory as
Sy eT[P] and recall that it is the generating function of one-
particle-irreducible diagrams; in momentum space it is

o0
. 1 d d
SHET =125/d p1---d” pa®i (p1)
n=2
@ (T o1 08 (Yo p) @9)

which we expand as a series in p;/M, so that Fl.(f)

2
(p1y...spn) = Fi(n) -(O,...,O)+(9(%) and we can

Tseees in

write, in the basis after the shifts (2.3):

SHET =/d4xF[cI>]-|-...
1
re] = —EZU»@,-BME)’%D]- — (i +61,)P;
15 2
- E(ml-&-j +6mij)®iq)j
1
- g(aijk +8a;ji)D; P ; Dy

1 - -
- ﬂ()\ijkl +0Xijk) D @ D Dy (2.10)

We work in a minimal subtraction scheme (MS or ﬁ/) where
the counterterms have already been absorbed in the above; the
(finite) quantities &t;, Sm?j, daijy, Shi ki are the first through
fourth derivatives of the loop correction to the renormalised
effective potential. This is valid to any loop order required,
the appropriate corrections being included in the “couplings.”
We write the quartic coupling in the high-energy theory with
atilde to distinguish it from the quartic in the low-energy the-

ory (no such distinction is necessary for the cubic couplings).
We then compute

@2.11)

for the heavy fields and reinsert the results into our expanded
effective action. To obtain the same result for the effective
action as from Eq. (2.8) we should expand the scalar mass
term as a (diagonal) tree-level piece plus a perturbation and
expand the resulting effective action to one-loop order. First,
however, if there are heavy singlet fields, then denoting their
indices with an italic capital {P, Q, R, S}, they may have a
non-vanishing tadpole before electroweak symmetry break-
ing and so:

1. In some favourable cases a discrete symmetry, which is
broken at the same time as electroweak symmetry (or
not at all), forbids such a tadpole (such as in e.g. the
Zo-symmetric singlet-extension of the SM or the Zs-
symmetric NMSSM in the unbroken phase).

2. We may have the freedom to adjust the tree-level tadpole
term tp already in the basis of Eq. (2.1) so that the total
tadpole including quantum corrections is zero, without
needing to make any shifts of the form (2.3). This is the
case if we specify the high-energy theory by just a match-
ing scale and the dimensionless parameters, for example
if we scan over supersymmetric models without specify-
ing a mediation mechanism.

3. We can assume that the tadpole equation is satisfied at
tree level (so that tp = 0). Then we solve (2.11) treating
Stp as a one-loop perturbation of the tree-level tadpole
condition. L.e. since we have (®p) = 0 at tree level with
all non-singlet field expectation values set to zero, the
solution to (2.11) is

1
Dp = ——8tp + O(P}) + O(2 loops)
mp

which effectively means shifting

ot
2 2 P
Smij — dmij; — —-apij,
mp
otp ~
dajjx —> dajjk — 3 APijk (2.12)
P

In this way we can compute around the tree-level vacuum;
in the case that the tree-level expectation value is small
or vanishing — in the basis (2.1) before any shifts — this
option would appear to be the most appropriate choice.
4. We can assume that the tadpole equation is satisfied at
loop level (so that tp + dtp = 0) after making shifts
of the form (2.3). In so doing, we can trade a different

@ Springer
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dimensionful parameter for each singlet tadpole equa-
tion, order by order in perturbation theory. This is the
standard approach in pole mass calculations, where the
typical choice is to eliminate mass-squared parameters,
but this is the most complicated from the EFT point of
view because we want to fix the masses in order to per-
form the matching. The tree-level tadpole equations for
the singlets in the basis before the shifts (2.3) read

1
m%vp = —tp — EaPQRvQUR
1-

- gMDQRstvRvs

(2.13)
and, for the typical choice of adjusting the diagonal terms
m%, the one-loop mass shift becomes

St
Smbhg — Smbo — —L 8pg, (2.14)

vp

where the tadpole §tp is computed at the minimum of
the potential. Note that if we have a case where vp = 0
for all P then this approach reduces to option 2: we shall
throughout assume when we refer to option 4 that the
expectation values of all the singlets concerned are non-
vanishing in the original basis.

We shall henceforth assume that one of these choices has
been made and the parameters adjusted accordingly; note
that in the path integral method the choice made is implicitly
our number 3, since the tadpole equations are chosen to be
satisfied at tree level only.

In Sect. 4 we shall explore alternatives, but persisting
for now with the simplest possible approach — which we
shall in the following refer to as the “perturbative masses”
approach — we now split the fields at tree level into (all of
the) heavy ones with upper-case indices and light ones with
lower-case indices. We then integrate out the heavy fields, to
one-loop order and including only renormalisable operators,
and obtain a new Lagrangian for the high-energy theory —
Lesf[®] — written entirely in terms of fields {®,} that have
counterparts in the low-energy theory:

1

1
+ Sm_zapqr (apst + 25a79st)q>q D, O,0,
P
sm3

- 8Z—Qza'quaQst D, P, DD,

1 - ~
- ﬁ()‘pqrs + (S)upqrs)q)pq)qq)rq)s ’ (215)

@ Springer

where we have omitted the mass terms and the trilinear cou-
plings for the light fields as we assume that they all vanish in
the limit £ — 0. In this approach, there is a tree-level shift of
the quartic coupling of the theory from integrating out heavy
fields in the presence of trilinears of the form ap,,, see the
fist term that multiplies ®, ®, ®; P, in the equation above. In
the path integral approach this is included in S[¢, 5, [¢1]]
of (2.6), while the one-loop corrections stemming from these
terms appear via the term X g AleLH in (2.8).

To complete the matching, we need to identify the above
effective action with the equivalent expression computed in
the low-energy theory, which means also rescaling the kinetic
terms: we make the mapping

®; = Uipdp + Uippp =8ipdp

+ 8Uipdp + 8ipdpp + SUipdp, (2.16)
where ¢; are now split into light {¢,} and heavy {¢p} fields,
and we can throw away the heavy fields as they are already
integrated out. In the two theories we have
(2.17)

Zilj = 8ij —}—SZI-I;-I,

zh =8 +82];
where the indices H, L indicate whether they are computed
in the high- or low-energy theory. It turns out, however,
that there is more than one way to make this identifica-
tion, depending on our choice of counterterms, and we will
describe these choices in Sects. 3 and 4. For now we need
just give the general formula, expanded up to one-loop order,
for the quartic term A ;¢ in the effective low-energy theory:

)qurs = qurs + Sipqrs - 5)\pqrx

1 1
+ [_ o 2 9PpgPrs — _2a77pq6aQrs
8m7p 4mz

1

+ ———Smboapya

Sm%)ng POY4PpqlQrs

1 ~ 3
+ ESURP )LRqrs - m% APRqAPrs

1 ~ 3
+ ESUp/p )\p’qrs — —5 aPp'qQPrs + (pgrs) |.

mp

(2.18)

Here 8 4,5 denotes the corrections to the light quartic in the
low-energy theory, so just consisting of light degrees of free-
dom (if we use the approach of Eq. (2.8) then 84,4,y =
0). (pgrs) stands for all 24 permutations of the indices
{p, q, r, s}, counting even the cases that the indices are iden-
tical — hence for one light field the matching would be

- 3 5
A=A — —5apy + -
mp
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We give results for all of the relevant generic expressions for
one-loop corrections to the effective action in Appendix B
(see also e.g. [63]). In the next section we shall discuss the
cancellation of infra-red divergences and derive an expres-
sion for the matrix U.

3 Mixing and matching

In this section we shall discuss the effects of infra-red safety
and gauge dependence of the matching, and also derive the
matrices §U that encode the effects of mixing of the light
and heavy degrees of freedom, employing the “perturbative
masses” approach; in Sect. 4 we shall show an alternative.

3.1 Infra-red safety

If we compute the shifts with small or vanishing masses
for the “light” fields, then the corrections Skzwill contain
large/divergent logarithms of the form log %, m, being
the light masses and M the mass scale of heavy states, at
which the matching is performed. Clearly these should can-
cel against the corresponding corrections in the high-energy
theory, so that the resulting shift is infra-red finite. In the
case that the theory contains no couplings of the form ap p,
or apq, the infra-red divergent corrections in 8X are identi-
cal to those in ) and so the subtraction is straightforward.
On the other hand, once we allow for these other types of
coupling the cancellation of infra-red divergences becomes
more subtle.

All-light trilinear scalar couplings a,,, are forbidden in
the SM by the gauge symmetries, so in order to have such
a coupling the low-energy theory would need additional
scalars, but as we described in Sect. 2 we must forbid cou-
plings a4, in any model. However, in the presence of cou-
plings ap 4 (which, for the low-energy theory being the SM,
means the high-energy theory contains either heavy singlets
or triplets) we generate a difference between A and A at tree
level. This means that subtracting the low-energy &A pgs
from the high-energy i pqrs 18 mot entirely trivial, as we
shall see below. The low-energy amplitude 6A p4rs cOoming
from scalar loops is given by

K
S)qurs D E)‘«pqu)&rsxy PSS(mz, m?) + (pgrs),

3.1
where the sum over x, y is over all light scalars. « is a loop
factor defined in Eq. (A.4). Pggs is defined with our other loop
functions in Appendix A; as we take { — 0 it diverges. We
will not write here the contributions from fermions, because

there is no tree-level shift to the Yukawa couplings; we show
in Appendices B.2.2 and C.1 that the cancellation of infra-
red divergences in the fermionic contributions to Yukawa and
quartic couplings is straightforward.

In the high-energy theory, there will be an identical con-
tribution to A pqrs» but

- 1
)\pqrs = )\pqrs - <_2a77pqa73rs + (pqrs)> + (’)(l—loop)
SmP

(3.2)

and on the other hand the corrections §ap 8m$z g bothcon-
tain additional infra-red divergent pieces. Clearly these diver-
gences must cancel, and after a little tedious algebra (which
we present in Appendix C) it can be shown that indeed they
do. This then motivates using infra-red safe loop functions
Pss(x,),Colx,y,2), Do(x, y, z, u) given in the appendix,
which can be defined in terms of one of:

e Subtracting an infra-red divergent piece and taking the
limitas ¢ — 0, e.g.

Pys(0,0) = lim [Pss(x, %) — log %} = 0.

e Taking the loop integral to only be over the “hard”
momenta, as described in Eq. (2.8).

e Regularising the infra-red divergences using dimensional
regularisation and discarding the divergent terms o #.

We shall then write the infra-red safe shifts as 8 pgrs, 3P g
Sm%)Q etc. All three definitions above do not necessarily give
the same result: there is some potential ambiguity about the
first method, because we can always add a constant piece to
the subtraction term. However, once we subtract the contri-
bution from amplitudes containing purely light fields, such
as the term 84 4,5 in Eq. (2.18), then the difference is unam-
biguous. It is then convenient to take SA pgrs = 0, which is
indeed the result in dimensional regularisation, but may be
confusing to some readers.

Finally, we shall see in the next section that we must com-
pute (Sm%)p and 8 Z 4, which in principle could contain infra-
red divergences. However, a divergence that is not trivially
equal to the same contribution in the low-energy theory could
only appear from a scalar loop, and the absence of the offend-
ing terms at one loop is guaranteed by forbidding couplings
of the form a . Hence we need make no distinction between
8m%p and Sm%p, etc.
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3.2 Mixing

Here we shall derive the most obvious choice for the matrix
8U. Noting that the fields in the high-energy theory have
kinetic terms %(1 +8ZH)ij 0, ®;0* @, and in the low-energy
theory 1(1 +8Z5) 48,4, ¢4, we can make the identifi-
cation

®=1+6Z2H"1PR1U+82H)1%¢ = U . (3.3)
To ensure that the transformation U connecting the high-
energy and low-energy fields is invertible, we retain the
“dummy” heavy fields {¢p} in the low-energy set, see
Eq. (2.16), and define (8Z%) ,p = 8Z5)p, = 8ZF)pg =
0 (note that the fields {¢p} can eventually be disregarded,
as the general matching condition for A, in Eq. (2.18)
depends only on Up, and Up,). Here R = 1 + 6R is a
unitary rotation, which we are free to introduce as it leaves
the kinetic terms unchanged. Taking the masses of the heavy
fields to be diagonal at tree level and expanding this just to
one-loop order we obtain

1 H L
(SU:—EAZ—i-BR, ANZ =627 —6Z". 34
With this transformation the kinetic terms will have the cor-
rect normalisation, but we must also choose § R to eliminate
the mass-mixing between heavy and light states: assuming
that we have diagonalised the masses at tree level (in the
end, we only require that we diagonalise the heavy masses
and remove light-heavy mixing) we have

1 2
0= ( —5AZyp + SRpp)mp
1
+ (— SAZpy + SRPP)m% +omp, 3.5)

where Sm%)p = I1p,(0), which, for vanishing light-scalar
masses, leads to

8mi73 1
SR,p = —6Rp, = = ~AZ,p 3.6)
my 2
and so
Sm? Sm2
P P
Upp = —5— — AZyp, Up,=——52. 3.7)
mp mp

On the other hand, we have the freedom whether or not to
diagonalise the mass terms of the low-energy theory. We can
set Ry = 0 so that

1

3 AZpy,

Upg =8pq — (3.8)

@ Springer

and we will then have mass terms for the light fields of

LgFr D —%(mf,q +om, —my AZr )y (3.9)
where we allow now for non-diagonal masses for the light
fields at tree level. Since we are neglecting all terms of order
¢ in our calculations this is not a problem: it may be more
desirable to calculate all these terms from the high-energy
theory and then diagonalise the light fields only after elec-
troweak symmetry breaking. On the other hand, if we want
to diagonalise our light fields at zero expectation value for
the Higgs field then we require an extra rotation component
in Uy : we would have

2 2
SU- s 8mpq ququ
rq m2 —m2 " m2 —m2
p q p q

Note that at two loops we would necessarily take the tree-

level “light” masses to be diagonal and of one-loop order,

but it is still not necessary to perform this extra diagonali-

sation before electroweak symmetry breaking. Alternatively,

we can add finite counterterms for these masses to ensure

that they are zero — and then we can simply use (3.8) again.
Up to one loop this gives

)"pqrs - ipqrs +Sj‘:pqrs
1 1 _
+ [— %appqa'])rs - %apqusaprs
+ 1 Fm2 1
a2 PQ 3 4Ppa4Qrs
8m73 me
.2
16mp, - 3
———(A — ——apg,da
6 mgP ( Pqrs ng PQq Qrs)
1 -
- EAZPP' (Aprgrs — @“7’1/61“7’”)
+ (quS)i|. (3.10)

The term on the third line generalises the shift in rotation
angle in Two-Higgs-doublet models observed e.g. in [20,27,
60]. Complete expressions for the different terms in the above
equation are given in Appendix B.

3.3 Gauge dependence

Since we take all gauge groups to be unbroken in the limit
¢ — 0, we may expect that gauge couplings ought to induce
no net contribution to A 4. Indeed, if there are no trilinear
couplings in the theory, then this is immediately obvious: the
gauge contributions to 82 pgrs and 81 g5 are identical in this
case, because the unbroken gauge interactions cannot mix
heavy and light fields and certainly the corrections of quartic
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Fig. 1 Gauge-dependent diagrams with only light scalars/gauge bosons in the loops, which must contribute zero after infra-red regulation; heavy

fields are denoted with a thick line

order in the gauge couplings —i.e. the first row of diagrams in
Fig. 1 — must always be equal.’ For corrections of quadratic
order in the gauge couplings, the second row of diagrams
in Fig. 1 all contain only massless/light fields in the loops,
and so we expect them not to contribute. However, once we
include trilinear couplings, there are diagrams such as those
given in Fig. 2 which are individually non-zero after infra-
red regulation, and so it is possible that there could be some
residual dependence on the gauge couplings. However, this
cancels out, as we show below.

The individual infra-red safe contributions (it is straight-
forward to show that the infra-red divergences cancel) are

apt aqv

ral 2 2 2
-5 2)“pqrv = ——Sg arprapysColmy, mp, my)

+ (pgrs) = ——Eg“”’ v

Xmmw

mP

ayPraPus

+ (pqrs)

<p>

7)
T ) 2 2
—£gPT g4, Pss(m%, m2)

T D 2 2
- %.gap gapnaanPSS(m']’v mn)
Ao(m?%)
Prq 2
mr

1
_§§g2C2(P)aPrsa73pq + (pgrs),

—1<
K~ 82appg

EgaP’TgaTNaN

3 On the other hand, there is a difference if we compute the corrections
in different schemes; if we match a theory in the DR’ scheme onto
a theory in the MS one then there is a shift to the quartic couplings
of quartic order in the gauge couplings, see e.g. [10,64] for general
formulae.

Ao(m3,)
= —£4°Ca(P)app,— -,
mp

K_lggzm%g = —SgaPTg“QTAO(m%—)

= —£3pog’C2(P) Ao(m3p), 3.11)
where g2 is the relevant gauge coupling and C,(P) is the
quadratic Casimir of the corresponding representation of
heavy field P. For each term we have used gauge invari-
ance to simplify the expressions. We see that all of these
contributions are proportional to the gauge-fixing parameter
&, which tells us that the total contribution must vanish; this
would not have been obvious if we had worked in the Feyn-
man gauge (but of course would be in the Landau gauge!).
Indeed, combining the above contributions as in eq. (3.10)
gives

- - 1
82 Apgrs — |:4 3 ap”(ngappq

1 -
— Wap”agpq%zm%g + (pqrs):| = 0.

PO
(3.12)

Hence we can indeed neglect gauge contributions at one loop,
. . . 2 H

as there is no gauge contribution to SmPP and §,.Z" =

8g2 ZL . However, it is important to note that we require all

of the separate pieces together in order to cancel the gauge

dependence, which will be relevant in Sect. 4.
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Fig. 2 Gauge-dependent AN
diagrams with one heavy scalar AN )
in the loop; heavy fields are AN ,
denoted with a thick line - - ’
1
1
R |
7 N N

3.4 Trilinear couplings and higher-dimensional operators

We end this section by considering the case of non-vanishing
trilinear couplings between light states, i.e. apqr 7% 0. Such
couplings result in new divergent diagrams compared to
the case considered in Appendix C (where we demonstrate
the cancellation of all IR divergences when ap, = 0).
Indeed, considering the different contributions appearing in
Eq. (3.10), one can observe that several divergent terms in
the high-energy part of the matching do not seem to cancel
out with any term in the low-energy part, namely

1 Pss(m2, m?)
k —z)»pquarxzasyz — 2

y
1 Pss(m?, m2)
+ EapraquaryuaszuT
- Pss(mi,mi)
— —=a A ,a —_—
4 Ppg/ Prxylsxy 5
mp
N 1 Pss(m3, m?)
— AP g AP XAy Xy Ogyz ——————
) Ppq4PXylrXzUsyz m%m%’(
1 5 3 Pss(mi,mi)
— —aPyydpyy — ——apgya _—
12 PxyQpxy | MPgrs mZQ PQqlOrs m%
1 Pss(m?, m2)
- Eapraquaryuaszum—4 + (pgrs) (- (3.13)
X

Note that all these terms involve one, or two, trilinear cou-
plings between light scalars. Moreover, one may observe that
these remaining terms are all proportional to a Pgg loop func-
tion — in some cases this Pgg being obtained from the expan-
sion of a Cy or Dy function — while it can be shown that diver-
gent terms with Co(m)%, m%, m%) or Do(m)%, mf,, mg, mﬁ) -
with all masses being light — do cancel out.

If we reason with orders of magnitude, it is natural to
assume that couplings ap,, and apg, are of the order of a
heavy mass, say M, times numerical factors of O(1). From
this we can easily see that all of the above terms are of order
apgr/M (and even (apqyr /M )2 for the last one). As we could
expect apg, to be of the order of a light mass (e.g. m, ~ ¢),
it would seem natural that the above terms be suppressed at
least as O(¢ /M) — and therefore also go to zero in the limit

@ Springer

¢ — 0. The finite part of the matching is then exactly the
same as that obtained previously.

However, one can still want to understand what happens if
the trilinear couplings between light states are not of the order
of ¢. Having very large trilinear couplings in the low-energy
theory could potentially cause a breakdown of perturbativity
and/or unitarity, as well as expectation values in the low-
energy theory of the order of the heavy masses. Nevertheless,
it is actually still possible in such a case to cancel all of the
IR divergences, by taking into account higher-dimensional
operators.

More specifically, one can deduce from the form of the
divergent terms in Eq. (3.13) that the required new oper-
ators are a dimension-5 operator c£?"*'¢,¢, ¢, $s¢; and a
dimension-6 operator k?"* ¢, ¢,0,,¢, 3" ¢ (a correction to
the kinetic term of the scalars). The former will cancel out
with the first five lines of Eq. (3.13), while the latter com-
pensates the last remaining term.

3.4.1 Higher-dimensional operators in a toy model

To illustrate how to address the additional terms of Eq. (3.13),
it will prove useful to first consider a simple toy example,
with only two scalars — one light L and one heavy H —in the
high-energy theory. The Lagrangian of such a model reads

1 2712 1 2 2 1 3
EHET D —EmLL - EmHH - gaLLLL
! L*H ! LH? ! H?
— =a —=a ——a ‘
) LLH ) LHH 6 HHH
1

— —ArpriLl* — EXLLLHI}H
24 6

- liLLHHLsz - liLHHHLH'% - i):HHHHH‘l
4 6 24

(3.14)

Performing the one-loop matching of the quartic coupling
ALLLL a5 previously, we obtain

~ 3 ~
Arrrr +68iLr = ALLLr — m_z(aLLH)z +dAirLLL

H
6arLn 3(arrm)?
2
— —25aLLH + —45mHH.
my my

(3.15)
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Fig. 3 Types of diagrams that contribute to the high-energy part of the matching of quartic couplings and that contain divergences only regulated
when including higher-dimensional operators in the low-energy theory. Bold lines denote heavy propagators

Fig. 4 Diagrams in the N\
high-energy theory that N
contribute to the tree-level N
expression of cA“LEL (or in h

general of cg 475"y Bold lines
denote heavy propagators

(a)

The IR-divergent terms left on the right-hand side of the
matching are then

5 2
L |:2OGLLH0LL2L LLLH 3OCJLHH(CILL“H) arLL
miy My
2 2
a a
+12M:|P55(m%’ m%)’ (3.16)
m
H

and correspond to the types of diagrams shown in Fig. 3
(recall that « is the loop factor). One can expect the divergent
terms in Eq. (3.16) to correspond to diagrams in the EFT sim-
ilar to those in Fig. 3, but with the dashed lines correspond-
ing to heavy propagators contracted to points. In particular,
the low-energy diagrams corresponding to diagrams (i) and
(iii) — (vi) in Fig. 3 will involve a coupling between five
scalars, while the diagram corresponding to (ii) will involve
a dimension-6 coupling between four scalars, suppressed by
m‘}i. We define the corresponding operators as

1 1
Lgrr D ——cbHLELLS ZkéLLLL2(8ML)2 (3.17)

5!

Before deriving the expressions of these two higher-
dimensional operators, it is important to note that they will
only appear in one-loop diagrams in the low-energy part of
the matching and therefore it will suffice for the discussion
at hand here to obtain their tree-level expressions. For the
dimension-5 coupling, two different sorts of diagrams con-
tribute to its tree-level expression, as shown in Fig. 4. We
find

5 2
cLLLLL _ _lOaLLllinzLLLH n 15“LHH}:;LLH) . (3.18)
H H

The dimension-6 operator is obtained from similar dia-
grams as the tree-level threshold corrections to Arrry, but
taking the second order in the p2/ m%_l expansion of the heavy

v/ N | v/
/ N | /
/ N /
v N ' v
N / N
N / N
N v/ N
N v N
(b)
/N
AN
AN
N T
N =
\\ P =
AN
AN / \
AN
- P l
7/
7/ \ /
s/ N 4
/ ~__-7
4 7
, Y
7/
7/
k/

Fig. 5 New diagram in the low-energy theory part of the matching of
the scalar quartic coupling, involving a dimension-5 scalar operator

(AN -k

7
e
|
|
~ |
~
AN
N
j / ~
Fig. 6 New diagram involving a dimension-6 operator — denoted by a

black square — in the low-energy side of the one-loop matching

propagator. Finally, we find

2
KEELE = __4(aLLH)2~

my

(3.19)

One can then compute the new contributions to Az
arising from diagrams involving céLLLL and kﬁLLLL —shown

respectively in Figs. 5 and 6 — and one finds
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LLLLL

-1 2 2
K= 8hpriL D 2cs appr Pss(my, my)

+ 6kEFEE (ap 1 )? [ Pss(my , m3) — m3 Co(m3, m3, m3)].
(3.20)

Note that the last term within parentheses in the above expres-
sion is regular in the limit m; — 0. Using the tree-level
expressions in Egs. (3.18) and (3.19), we can rewrite these
contributions as

_ ALLHALLLALLLH
K ISA.LLLL D —20 >
my

2

argH(@LLg) arLL )

—-30 7] }Pss(mL,mL)
my

(arLm)*(apLr)?
m—4[PSS(m%, m3) + reg.],
H

—12

(3.21)
which exactly correspond to the divergent terms in Eq. (3.16).

3.4.2 Discussion of the dimension-5 operator for a general
theory

We now investigate the corresponding higher-order operators
in the context of the matching of generic theories. We denote
these two couplings as c£*"* and k", respectively, and we

define the corresponding Lagrangian terms as

1
LErT D — ;ngmfﬁp% brpsPr

—%kgq%,,%aﬂ(p,a%s. (3.22)
For both operators, we will first derive their (tree-level)
expression in terms of couplings of the high-energy the-
ory, before showing how their inclusion allows to cancel all
remaining IR divergences in the one-loop matching of the
quartic coupling.

We must first derive the tree-level expression of the new
dimension-5 scalar cg arst operator that is generated in the
low-energy theory, by repeating the matching of effective
actions done in Eq. (2.15). Keeping now terms with five

scalars, the Lagrangian of the high-energy theory contains

1 -
Letf[P] D lz—zaqu)‘Prstq)pq)qq)rq)xq)t
mp

1
- z—mza’/)pqa'PQraQstq)p(Dq D, ;D + - -

8mpmg
(3.23)

Identifying this with the definition of ¢s in Eq. (3.22), and

symmetrising the indices, we obtain for the tree-level match-
ing of ¢s

@ Springer

S 1 Y 3
Cqu”’ = —Wa’]?pq |:)»73rst — WGPQrGQst] + (pqrst).

P Q
(3.24)

The dimension-5 operator gives rise to a new type of dia-
grams, shown in Fig. 5, contributing to the low-energy part of
the matching of the quartic couplings. The additional terms
in §A pgrs read

_ 1
T Shpgrs D 505" axys Pss(my, m3) + (pgrs)
5 ~ 3
= _@appqaxys )\’Prxy - Znga'PQrany

x Pss(m3,m3) + (pqrs). (3.25)
Using permutations of indices, it can be shown that the terms
in Eq. (3.25) match exactly the three first lines of Eq. (3.13).
Only the last term

1 Psg(mg, mLzl
—AApXyAqXzAryulszu 4 + (pgrs),
2 my

is left, and has to be cancelled out by the dimension-6 operator
defined in Eq. (3.22).

3.4.3 Discussion of the dimension-6 operator for a general
theory

We start by deriving the (tree-level) matching condition for
this coupling, using once again the equations of motion for
the heavy fields, and we have

Lappsapy
Legi[®] D g#&u@pd)q)a“(q),q)s) +..
mp
lapy,ra
= g%q’p%awbra“% + - (3.26)
P

Matching the Lagrangians of the high- and low-energy theory
at tree level, we obtain
2

= ——Fap,apgs-
1 YPprdPgq
mp

kb (3.27)

In turn, we find the following Feynman rule for the dimension-
6 coupling

. 1 3
i P P k
A 7z
N .
N e
N ,
N p
N

. 1
LA = +ikg"" p3 - pa = =S k" [(p3 — )’ —p3 —pi).
// N
7/ N
AN
e
S p ps L
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The new type of diagrams in the low-energy theory that
will cancel the remaining divergence is shown in Fig. 6. From
these, we have a contribution to §A pg/s

1 )
—1 X 2 2
K 5qurs D) Zk([:q }arxzasyz(PSS(my» mz)

_ miCo(m?‘, mi m?)) + (pqrs)

1
2 2
T o4 QPpxAPgydrxzlsyz (PSS(my1 mz)
Zm,P 7

— mCo(my, m3, md)) + (pqrs), (3.28)
where for the second equality, we used the matching in
Eq. (3.27). The first term within parentheses in the Eq. (3.28)
exactly cancels the last divergent term in Eq. (3.13), while
the second term is regular in the limit m2 — 0.

4 Non-minimal counterterm approach

In the derivation of Sect. 3.2 we used the running (MS or DR')
parameters of the high-energy theory as inputs. However, we
may prefer to define our matching scale in terms of the loop-
corrected masses and mixings, for example in high-scale/split
SUSY cases we can typically choose to adjust m%{u , m%id , By,
and also the Z-counterterms. In other words, we can allow
new finite corrections to the counterterms, which we denote
et 2, 55,m2:4

1
PI®] = 5(8ij — TT};(0) + 8 Zij) 0, @i
1

— = (m78ij + Tij(0) + 8eym];) D@ + -+ (4.1)

2
where we made use of the relations §Z;; = —II; ] (0) and
Sm,.zj = I1;; (0) to avoid confusion with the counterterms, and
the prime on IT; ; denotes the derivative of I1;; with respect
to the external momentum. We then make the definition

U= NYRNE 4.2)

where N¥ | N are not (necessarily) unitary, and R is unitary
~inSect. 3wehad N# = 11827 Nt =1+ 16ZF (see
Eq. (3.3)). Wanting to diagonalise the masses of the heavy
states, and ensure all fields have correctly normalised kinetic
terms we have

Ny (8irjr — Hif/lﬁr/(o) + SCtZi’j’)N;lj = dij,

Rip N (mpdirjr + TET ) + 8com? )N T Rij = Mpop;.

i’j
(4.3)

4 We do not include the divergent parts of the counterterms in
8t Z, 8:m? as they have already been implicitly subtracted.

However, with the intention of using top-down information
on the new dimensionless couplings appearing in the HET
(since we cannot fix them from the bottom up, and since
they are often given by e.g. unification or symmetry rela-
tionships such as the relationship between the Higgs quartic
coupling and the gauge couplings in supersymmetric models)
we should maintain the use of MS (or DR ) values for them,
and so we should set §.; Z = 0 as before; this also precludes
additional finite counterterms for the cubic and quartic terms.
Then at one-loop order

1
R=1+68R, RT =1-$R, U=1—§AZ+(SR

and (dropping the HET on the self-energies when it is unam-
biguous)

M3 = m%p +mppp(0) + Mpp(0) + (Sem®)pp,

1
0= EH’Pj(O)[m%; +m3]+ Tp; (0)

+ 8cimip + 8Rpj[mip — m3], (4.4)
with no summation on repeated indices. We then have some
freedom to choose our mass counterterms to adjust 6 R. We
could choose (Sml.zj sothat 6 R;; = 0, but then we still have off-
diagonal contributions to U from the wave-function renor-
malisation. The most expedient choice seems to be to elimi-
nate the terms Up, (but not U, g) via

2
m
8ctm%q =—Ip,0) = 8Up, = —mz—_"mzn;)q(O).
P q

(4.5)

For the light masses, the above equations do not determine
3R 4, and so we can take it to be zero and work in the flavour
basis (of course, any unitary rotation of the fields is equiva-
lent).5 In other words, once we set the light masses to zero,

1
Upy =0, Upg=108pq— EAZM' (4.6)
This generalises the result for two Higgs doublets in [27].
Hence in the non-minimal counterterm approach, we can
eliminate the mixing term between the heavy and light states.

The result is:

)\pqrs = qur& +§5\pqrs
+ [ ! ! 5,
— S5 APpqdPrs — T 5 AP aPprs
2 prq 2 prq
SmP 4m7)

5 Since the light masses need tuning to remain small, we see that we
should either adjust the tree-level masses order by order in perturbation
theory, or take S“m%q = 71'Il[quT(0) + HﬁfT(O).
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I -, 2 1
+ %(8mpg + Sc'tm'PQ)m_ZQaquaQrs

1 ~ 3
- EAZ[)[)’ <)‘p’qrs - m_za'Pp/qa'Prs) + (PCIVS)]~
P

%))

We then still have the choice of counterterm for 8ctm%g. If
we take

Scmpo =0 (4.8)

then we can evaluate (4.7) with g — 0 in all of the loop
corrections, but at the expense of including Em%, o On the
other hand, we in principle also have the freedom to take
Sc,m%;g = —Sm%,g but, as we have seen in the previous sec-
tions, this will spoil the cancellation of infra-red divergences
and gauge dependence. Indeed, if we set Sctm%)g = —Sm%g
then we still have the problem of gauge invariance, and so
the simplest possible choice is

g—0

The mass-squared quantities defined using this counterterm
choice do not have a simple physical interpretation (they
correspond neither to a running mass nor a pole mass) but
nevertheless will be the quantities that appear as the expan-
sion parameters, and could potentially be identified with the
matching scale; we also expect that it should be these quanti-
ties that are most useful beyond one-loop order, but we leave

the investigation of that to future work.
In this way, when calculating the quartic coupling in the
low-energy theory, we should take

)\pqrs = )qurs

I -
—|— — =3k
[sm%ap” q9Prs = pg0tpars

1 - 1
+ %appngap” =+ EAZPP/
- 3

X ()‘p’qrs — %ap[,/qap”) + (pqrs)i|g_)0. (4.10)

This is one of the main results of this work: we have a
prescription that eliminates mixing between light and heavy
degrees of freedom that can be applied in any model.

It can also be convenient to write the above explicitly for
the case of the low-energy theory being the SM, and where
the (neutral component of the) Higgs field H is complex with
interactions
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AHH FHH
LerT D —%lHI“, LHET D —%|H|4
1 1 —
- EapHH,cprz — EagHCDpH —afp, dplHI.
4.11)
Note that when working with complex fields we use lowered

indices for a given field and raised indices for its complex
conjugate. We obtain for the matching

- 2 1
HH _ 5HH H 2 HH
MaH = AHH 2 (apy)” = 2 (PHHA
P P
. 4 _

HH H = H

+ |:8)LHH — Ta’PHMPH
mp

1 — _
- T(amﬂéag"’ +apHSapy )
np
~ 2 1
H(;HH H \2 HH
_2AZH<)LHH—m—2(aPH) _mT‘VPHHa’P >:| .
P P g—0
(4.12)

As a coda to this discussion, we note that another coun-
terterm choice that is available is to use pole masses for the
heavy states. This would have the advantage that standard
expressions could be used to define the counterterms, and it
would avoid the problems of infra-red divergences (at least
at one loop) and gauge dependence because the pole mass is
a well-defined quantity. Furthermore, if the heavy states had
masses not outside experimental reach (for example coloured
superpartners around 2 TeV) then we would be using physi-
cally measurable quantities. However, from an effective field
theory point of view this choice is less practical, because (1)
there would not be cancellations between the counterterms
and the terms in the effective potential (which are evaluated at
zero external momentum); (2) the loop functions containing
external momenta become much more complicated at one
loop, and the full set is not known analytically at two.

Finally, a more extreme counterterm choice would be to
use pole masses for all states, both light and heavy, with-
out taking the limit ¢ — 0. This would technically remove
the problem of infra-red divergences, but replace it with a
practical one (the computations would become much more
cumbersome, with numerically large logarithms, unless the
limit of ¢ — 0 were taken analytically, when they would
reduce to the expressions above).

5 Comparison with the pole matching approach

As mentioned in the introduction, an alternative approach to
matching quartic couplings in effective theories is to match
the pole masses of the light scalar fields; this method has
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recently been advocated as an efficient matching technique
in [56]. This is only really tractable when the low-energy
theory has scalars that do not mix with each other, and so if we
assume that the low-energy theory is the SM (or any extension
thereof without any additional scalars/gauge bosons), then
there is only one physical scalar mass, and then there is only
one equation to solve:
%xSMng + AMZy (mp) = m§ + AMppr(m3),  (5.1)
where: we define the quartic term in the SM Higgs potential
as “TM|H|4; my is the tree-level Higgs boson mass in the
high-energy theory; AM§ M (m%l) and AM%, ET(m%l) denote
the one-loop corrections to the Higgs mass in the SM and in
the high-energy theory, respectively, computed with external
momentum equal to the Higgs pole mass mi . Since we work
in the broken phase of the theory, the value for A gjs extracted
in this way will be correct up to subleading terms of order
v?/M?. This approach has the advantage of requiring only
two-point functions, at the expense of requiring numerical
cancellations between large terms. Given that we described
several choices in Sects. 2, 3 and 4, it is interesting and
important to compare this calculation with our traditional
EFT approach so that we understand the results obtained via
the pole matching method.

To extract A g7, we can next perform a double expansion in
v as well as loop order, neglecting subleading terms, because
the EFT approach will only capture the leading terms in the
expectation values. So we write the threshold corrections for
all parameters g; as
M = gHET L Ay (g, 0 0,...). (5.2)
To extract the quartic coupling A, we need thresholds for all
parameters that appear at tree-level in the Eq. (5.1), which
consists only of A and v. The other important parameters
of the SM are then the gauge and Yukawa couplings; the
threshold corrections to these are only needed for running
(or e.g. for supersymmetric relationships) in the high-energy
theory but not for the extraction of A at one-loop order
(whereas at two-loop order they are required). Nevertheless,
the one-loop gauge threshold corrections are given in B.1.3
and those to the Yukawas in B.2.2; alternatively the Yukawa
couplings can be extracted by pole-mass matching of the
quarks/leptons, under the assumption that the couplings are
real and diagonal.

To match v, we can match the pole mass of the Z-boson
and use the relation

1
m% = Z(g% + g+ Tzz(m%). (53)

Then clearly we need I1zz and thresholds to gy and g to
determine the shift to v. So then

4
gy +8
1
<[5 ) - i) — 1 g + o)
54

2 2
Vsy = Vypr +

Now we can take the v = 0 expressions in A ;> because they

already have a prefactor of v2. As we show in Appendix D,
these are given by

Ag+Ag| =+ g%)[né’?’m) -ny7 ’(0)]
v=0 v=0
5.5

For the self-energies we need to expand them to order v?,
which is equivalent to order p?:
Mzz(m}) = Mzz0) _ + vz[avznzzw)

2 2
+
+ 8y T &

H/Zz(o):| +ee (5.6)

v=0

This then yields

4

U%M = U%—IET + ﬁ[HQIéET(O) — H%Ag(()):| + O(U4).
y T8

(5.7)

In other words, we do not need the momentum dependence
of the gauge-boson self-energies. Note also that the self-
energies in Eq. (5.7) are not expanded in v?, in order to
retain the correct dependence on the O(v?) terms. Under
the assumption that there are no heavy gauge bosons being
integrated out, we need only consider heavy fermions and
scalars in the above, and the resulting shift in v is ultimately
independent of the gauge couplings.

Armed with this, we would now like to use the pole mass
approach to obtain the most efficient way of extracting the
EFT matching condition for A, which means that we are inter-
ested in an ultimately infra-red safe expression (i.e. contain-
ing no large logarithms) and valid up to leading order in an
expansion in v —recall that v is of order ¢. Then the tree-level
Higgs mass m% is of order ¢2, and we see

AM?(m3) = AM*(0) + m3 11}, (0) + O(c*). (5.8)

@ Springer



669 Page 16 of 34

Eur. Phys. J. C (2019) 79:669

Next, we need to solve the relation (5.1). This gives:

2
hsu = Z—[m%(l + IRET ) — T ’<0>])
VHET
m(2) HET SM
- —[Mz7" 0) =77 (0]
myz

+[AM% 7(0) — AM%M(O)]}, (5.9)

Here m(2) is a function of vy g7 (Which is defined in terms of

the Z mass) but we could alternatively express the quantities
on both sides of Eq. (5.1) in terms of vgys which would yield
the same result. Now AM % 1, (0) depends on A gy, so we will
need to solve the above relationship recursively (at one loop
this is one recursion). We know from the previous sections
that in general there will be a tree-level difference between
Asy and the quartic self-coupling of the Higgs in the high-
energy theory, and it is interesting to see how this arises.

First we need to divide the fields into three types: the index
1 for the Higgs, greek letters {«} for heavy (doublet) fields
that mix with the Higgs at zero expectation value, and capi-
tal roman letters {/, J, K, L} for heavy scalar fields that mix
with the Higgs only affer EWSB®; in the previous (and sub-
sequent) sections we had {«} C {P},{I, J, K, L} C {P} as
we did not need to explicitly distinguish between the set {o}
and {/, J, K, L}, but in this approach it becomes important.
As before, though, we do not need to explicitly discuss fields
that never obtain an expectation value or mix with the Higgs
(such as squarks and fermions etc.). Then the allowed scalar
couplings (under gauge symmetries) are

{an, anas arep, arsg, Mins Aalil, Aagils

Aapyls hayss MI1Ls MJals M Jafs MIKL)- (5.10)
In the pole-mass approach, the expectation values of fields
are usually treated as fixed, with chosen dimensionful param-
eters being fixed by the tadpole equations order by order in
perturbation theory. We can rotate all of the doublets so that
only one has an expectation value and

vy = 0.

In any theory of many Higgs doublets, such as the
MSSM/THDM, this choice corresponds to the so-called
“Higgs basis”, but in the presence of singlets/triplets this
is no longer the case, since the expectation values of the lat-
ter cannot be just rotated away. This basis is not commonly
used in the practical calculation but it will greatly simplify
our analysis, in particular because non-alignment effects only
appear at higher order in vj.

6 Elsewhere we use {I, J, K, L} for fermions: in this section we do not
have explicit fermion indices so there should hopefully be no confusion.
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Now we wish to derive AM %{ gr(0), which can be
obtained by taking derivatives of the effective potential, and
expand it to order (’)(vlz). First we split the one-loop effective
potential into a supertrace over heavy and light fields:

vO =7y

IR
7o %

icheavy fields

1 _
—(=1)%i 2s; + Dm}(dogm? —3/2)

(.11

(where s; is the spin of the field). V(l) is regular as v; —
0, whereas Vl(;e) has infra-red divergences in its second and
higher derivatives. Hence we next expand only the derivatives
of V(l) in the tadpole equations as a series in v; and v;. To
this end we define

(1

v
AViyi = k—— ,
od;, - 09;,
d;=0,v;=0
anV(l)
AVIR =~ IR (5.12)
1tn 3(13,'1 - 0d;
" ®;=v;,v1£0

We work in the basis after any shifts of the parameters (2.3) —
but, crucially, such shifts are made before electroweak sym-
metry breaking, so in all cases v; will be nonzero but small
after electroweak symmetry is broken. In this notation the
expansions of the tadpole equations become:

1~
0= AV{R + m%vl +amvivy + 8)\11111}%

1~
+ E)LIIIJUIUIUJ + AViivi + AViv
1 3
+8AV““U1 +-
1-
0= AVJR + mglvl +aja1vivr + gkamv%

+ ~hat 17010107 + AVyv1 + AVigivrv

e

+8AVa111v?+---
1
0= AVIIR +1t+ AV +m%JU‘] + EaIJKUJUK

1, 1. , 1.
+ Ea”]v] + E)»lnlvjv] + EKIJKLUJUKUL

1 1
+ AVigvy + EAVIJKUJUK + EAVIIIU%

1 1
+EAVIJUUJU%-FEAVIJKLUJUKUL-F'“ (5.13)

Although we have not expanded the derivatives of Vig, we
know that V) ~ O(¢*) so AV/R ~ O(£3) and AVIR ~
(9(;“2), so we will not need to. We must now understand how
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to treat the expectation values v; —recall that these are really
the differences between the singlet expectation values and
their values at v = 0. Firstly we can solve the third equation
for

1
—AV111v12 + AVijvy

2 2

1
m%vI = —I:—a111v12 +
+ > migus i+ AV AV

~], (5.14)
J#I

where we write m% = m% ;» singling out the diagonal ele-

ment, since at tree level and for vi = 0 we take m% 7 tobe
diagonal, and thus m% 7 is of subleading order for I # J.
Now, depending on our treatment, we have

. 0 Possibilities 1 and 3
I'=1 —AV, Possibilities 2 and 4

In other words, recalling that AVII R~ (’)(;3) we find that

vy = —#(r, + AV)) 4+ Ol /M) + O(2-loop).

I
Note that for triplets t; = AV; = 0 whatever the option. This
means there is no ambiguity in the definition of vggr = v;
in (5.4), since the corrections to the Z mass from triplets will
be of subleading order compared to that from doublets and
can be neglected.

Now we must consider the mass matrices, and perturba-
tively determine them both to one-loop order and to order
v12. Since we are interested in AM121 g7 (0) we just need the
second derivative of the effective potential

M = T0v; —— VO v D) (5.15)
1
so we have

1.
M = m%l + AV + AV]IIR + E)LIIIJUIUJ
1 -~
+ (arin + AV + 5()»1111 + AV + -

1 -
= 5(11111 + AVinnvi + AVIR

1
— —AVIR L 0w, (5.16)
|
as we would expect. For the other doublets,
1 - 1
(M?)g1 = g()\alll + AVyunvi + AVIE — UTAVQIR +--
(5.17)

which will not contribute to the mass of the lightest eigen-
value at order v% ~ ¢2, and so they can be neglected, as

claimed. Finally,

(M1 = (a1 + AV + AVIE + X vgv + -

(M) =m3s1; + AV + AVIR +a vk + O(vy)
(5.18)

Then the result for the mass shift (after performing a double
expansion in v and loop order) is

_()?
ml

M2 (M
+()2#(Av + AVIF +apkvk)
mlmj

+ O(v?) + O(2-1oop)

mg + AMypr(0) = (M)

215 a%ll
= vi|zGun +AVin) - —5-
3 my

_ 2amAVin alllaJllAVIJ]
2 22
ml mlmj
2 2arii
i ariiArjin | aniajiarjk
— (tk+AVk)[— 3 + o)
K my mynt;y
1 2a;1 v AV/R
IR IR I1
+AVIR - —ayiR - L2
V1 my

2 AvIR
arnajviAvy;

2,2
mlmJ

+ 0@} + O@-loop).  (5.19)

The equivalent expression in the low-energy theory is of
course just

1 1
EASMUSM—’_AMSM(O) USM)‘UU

1
+ AVIM — —AVSM | (5.20)
vsm
where A Vls M A VISIM are the first and second derivatives of
the Standard Model effective potential, and it is important to

note that they are not equal to AV R, AV!F in the presence
of ayq; terms. This leads to

2
ASM = ZAll11- (5.21)

3

Next we can see that

IR 2 IR
IR 1 R 2a11viAVy ajnay1viAVy;
AViE — —AVT —
1 %] ! m2 m2m2
1 J

1
—AVIM 4 —AVIM = O3) + O@2-loop).  (5.22)
V|
and so we can identify the derivatives of the one-loop con-
tribution to the effective potential with corrections to the dif-

ferent couplings, i.e.

AV — Sm%J.
(5.23)

AVt — Sk, AV — dap,
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The result for matching X111 becomes

5 ajy <
Atiir = A — 33— + A1
my
6ajidai L ajiajdmy,
- 2 2,2
my mym;

6ajiiArsn 3arajiark
m,mK mlmeK

2
~ a
- (Mm - 1—121> (AZH
my

1
+— 7770 -1y (0)]). (5.24)
myz
Next, it can be shown that’
1
M4E7©0) — 341 = AZj; + O@?) (5.25)

2
myz

and we conclude that the pole-mass calculation is equivalent
to the EFT calculation with the counterterm choices (4.5) for
the heavy-light mixing and (4.8) for the heavy masses. This
agrees with the result found in the MSSM in [60] where it was
found that the classic PBMZ calculation of the Higgs mass
[68] yields a result equivalent to including a counterterm for
the rotation angle between the fields such as used in [20].

Furthermore, we find that it is straightforward to make
a connection between the pole mass matching and the EFT
approach for the treatment of the singlet expectation values:
the third line in Eq. (5.24) vanishes for options 2 or 4 for the
singlet tadpoles, and gives exactly the shifts (2.12) for option
3, where tx = 0. This was not necessarily obvious, since the
definitions are subtly different (in the pole matching proce-
dure, the conditions are specified at v; # 0). Note that the
treatment of the singlet tadpoles in the pole-mass matching
approach is commonly chosen to be option 4.

5.1 Efficient computation of the matching

Since it is typically simpler to compute two-point functions,
it is to be expected that the pole-mass matching procedure
should be easier to implement than a conventional calcula-
tion. However, there remains the problem of efficiently sub-
tracting the large logarithmic terms. The above derivation
shows us that the calculation (5.9) can be simplified to

2
Asm = —

[mga —2AZ1) + AM%,ET(O)}, (5.26)
VHET

7 For example, this can be shown either explicitly at one loop using the
expressions in the appendix, or using the Ward identities (29) and (30)
from [65]; see also (3.10) from [66] and D.11 from [67].
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where AZ1; is computed at zero external momentum with
all light masses set to zero; the second term is defined with a
hat to mean that we drop all terms which contain only light
masses, and for remaining terms (of the type Pgg (m%), mi),
etc.) we set all logarithms of light masses Egm?, — 0. Fur-
thermore, we can also set the gauge contributions to zero.

However, we must also take care with the gauge depen-
dence in the presence of heavy triplet scalars (such as in Dirac
gaugino models). In that case, if we set the gauge contribu-
tions to zero in the matching, then we must also set them
to zero in the heavy tadpole relationship between m% and
vy (5.14) — otherwise we will reintroduce gauge dependence
into the result.

6 Examples
6.1 Pole matching in the MSSM

The calculation in Sect. 5 is perhaps couched in unfamiliar
terms, so it is useful to present the standard example of split
or high-scale supersymmetry, where the MSSM scalars are
heavy and, when integrated out, yield a scalar sector that
is just that of the SM, so ideal for application of the pole
matching procedure.

The relevant part of the scalar sector consists of two com-
plex fields H?, HY that mix and have as potential prior to
electroweak symmetry breaking

VO = 3y, + [uPIHL? + (ndy, + [uPIH) P

g2 +g2
— (BuH{HJ +h.c) + =2 (HP — |HP),
6.1)

After electroweak symmetry breaking we give expectation
0y — v 0y — v
values to both fields of (H,]) = /3 sin B, (H)) = /5 €08 B,
and we take CP to be conserved so that the neutral SM
Higgs boson comes from the mixing of the scalar compo-
nents. Solving the one-loop tadpole equations for m%l,u , m%{d
the tree-level Higgs mass matrix for the real components

hya = \/zRe(HI?Yd), writing g = tan g etc., is

ae o [(Brte + 367 gDV —Bu = 5(sh + gD)visag
= B .
O\ By — g8y +eDvinp T+ 5(sh + 8]
(6.2)

The contributions of the heavy particles to the one-loop cor-
rections to the mass matrix at zero external momentum can
be obtained from the derivatives of V', see Eq. (5.11), com-
puted at the minimum of the potential:
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[Are)]
ij
92y dij av .
= K - K — , (i,j =uord).
8hi3hj min v; 3/’1,’ min
(6.3)

In order to obtain the correction to the quartic coupling from
Eq. (5.26), we expand to O(v2) the corrections to the mass
matrix. To this effect, we define a derivative along the direc-
tion of &

_ a
% =95 % +c B % s

and we obtain:

6.4)

_Yua
Vud 1

U_2 <Vddhh Vudhh)
3 \ Vuanh Vuunn

2
v° [ —Vudnnts Vuanh 4
+ g < Vidinh Vidhh ) + OW"), (6.5)

: Vuats Vy
AM2(0)=( " “)

+

18
where we introduced the following abbreviations for the
oY) parts of the derivatives of V(l):

1) jv=0

v 9%V
PR A
Y 3hidh; | in

RATA

K—
dh;dh;(dh)?

v=0
, (i,j=uord).

min

Vijinn = (6.6)

Note that, in the above, all contributions with an odd number
of derivatives of V(l) vanish for v = 0 because the one-loop
corrections to the potential only contain terms with even pow-
ers of the Higgs fields. Rotating the combined mass matrix
to the Higgs basis, we see that both the O (v°) and the second
of the O(v?) terms in the one-loop corrections will cancel
out in the correction to the Higgs mass. From the remaining
O(v?) terms from Eq. (6.5), we find that the correction to the
Higgs boson mass in the MSSM is

2

A v
AM} 7 (0) = ?[Sp% Viunh + 258¢p Vaann + c3 Vddhh:| + 0"

2

v 0 a9 4—(1) 4

Inserting this into Eq. (5.26), and noting that in the MSSM
there are no trilinear couplings involving only the Higgs
bosons, we find

2 - <= 4 = 2 02
AsM = 5()»1111 +8A1111) — §AZU)»1111 +O0W"/M?)
(6.8)

where
B 94y ©
M =g = ch,g(g%/ +83),
. g4y -
A1 ZW"‘Areg)\lllL (6.9)

Aregil 111 is a shift due to changing between the DR’ and MS
schemes, given e.g. in [20] or the general expressions in [64].
We have checked that, when using the general formulae in the
appendix for the self-energies and derivatives of the one-loop
effective potential, we can reproduce the matching condition
from [20] — after accounting for the different definitions of
the electroweak gauge couplings in the tree-level part.

The above illustrates the equivalence between the pole-
matching procedure and the EFT calculation for the MSSM
matching to the SM, and is much simpler than an explicit
term-by-term derivation in e.g. [56].

6.2 Dirac gauginos

In the context of matching a heavy theory onto the SM,
Dirac gaugino models are particularly interesting because
they contain both singlet and triplet scalars, which are the
most general possibilities for the presence of a coupling
arn at O(¢% with a SM doublet: SU(2) gauge invari-
ance forbids other representations (although in the most
general case we would also be allowed triplets carrying
hypercharge & 1). Moreover, in many scenarios a hierar-
chy between the singlet/triplet states and the Higgs is nat-
ural, which comes from a large Dirac gaugino mass, so an
EFT approach to the Higgs mass calculation is particularly
appropriate. Indeed first attempts were made in this direc-
tion in [21,22,26]; in [21,22] a Dirac-gaugino model was
matched onto the SM — without (most) threshold corrections
— while in [26] the Minimal Dirac Gaugino Supersymmet-
ric Standard Model (MDGSSM) and Minimal R-symmetric
Supersymmetric Standard Model (MRSSM) were matched
onto the THDM, giving one-loop threshold corrections in
the limit that the Dirac gaugino masses were small. Here
we shall consider the one-loop threshold corrections of the
MDGSSM matching onto the SM plus higgsinos in the limit
that the Dirac gaugino masses are large.

Using the conventions and choices of [26] where we take
an approximate R-symmetry to hold, the theory consists of
the MSSM superfields plus additional adjoint chiral super-
fields, namely a (complex) singlet S, a triplet of SU(2) T
and an octet of SU(3) O, all having no hypercharge, and
superpotential

WHiggs = 1 Hy - Ha + AsSHy - Hg + 247 Hq - THy
(6.10)
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in addition to the usual Yukawa coupling terms. These are
supplemented by standard soft terms

Ltandard soft = _m%-]u |[{u|2 - m%—]d|Hd|2
— B, (H, - Hy +hc)

1 .
—( —=¢ S+h.c.> —m3|S|? = 2m2te(TTT)
(fz > s r

1
— 5Bs <52 + h.c) — By ((TT) + h.c)

—m%|0)? = Bo (tr(00) + h.c.), (6.11)

as well as supersoft operators mp;0* for Dirac masses

/ d*6 [ﬁ Mmpy0*WiaS + 272 mpr6%tr (W T)

+232mp36tr (W3, 0)] (6.12)
where W;,, are the gauge field-strength superfields. We shall
take for simplicity 4 < M ~ mp; ~ /By, which also
requires tg K M 3, and assume that CP is conserved. We
shall also neglect any trilinear soft terms such as S, ST?
(even though these are not forbidden by any symmetry) both
for simplicity, and because they are typically found to be very
small in gauge mediation scenarios [69].

As stated above, this model has almost all of the inter-
esting ingredients that differentiate it from the MSSM in the
matching: the singlet S and the triplet scalars T split into
scalar and pseudoscalar pieces

1 .
—2(v5 + Sk +1S1),

2

with masses

S = T4 = %(Tﬁ +iT{)  (6.13)

(6.14)
(6.15)

2 2 2 2 2
mgp =mg+ Bg+4mpy, mg =mg— Bg,

2 2 2 2 2
myp =my + Br +4mp,, myp,, =myp — Br.

The neutral scalar component of the triplet Tg and the scalar
component of the singlet Sk can then mix with the light Higgs
after electroweak symmetry breaking. Hence both these
fields have trilinear couplings with the light Higgs of the form
ari1: working in terms of complex fields H = %(h +iGY

where / is the neutral Higgs and G° the would-be Goldstone
boson (there is no expectation value because we work in the
basis before electroweak symmetry breaking), we have

SrH

ay = —gympycap

T9H

aHP = gampaCag. (6.16)

The triplet cannot obtain an expectation value before elec-
troweak symmetry breaking. However, while at tree level
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we can take the singlet to have no expectation value, at one
loop there is an unavoidable tadpole and the quantum tadpole
equation becomes

0= m%gvs + ts5 + 8ts, (6.17)
where as before 7g is the tree-level tadpole (which we are
assuming is small). The simplest option to deal with this is to
adjust the (supersymmetry-breaking) tadpole term to ensure
that vg = 0. Indeed, if we are working in a model where
parameters such as the singlet tadpole and sfermion masses
are not specified from the bottom up, then this is acceptable.
However, in other cases we must choose one of the options 3
or 4 from Sect. 2.3. If we take option 3 (i.e. we take vg ~ 0 to
be the VEV of the tree-level potential), then since we neglect
w the only important cubic coupling is ag 7> Where H is the
neutral component of the heavy Higgs doublet:

LD —gympysipSg(HH + HH). (6.18)

Then the mass mixing term becomes

S OH 5 2\H Sts

@m )y — (dm )y +gymDys2,3mT. (6.19)
SR

This potentially provokes a change in tan . However, this
shift is simply absorbed into the counterterm if we use the
choice (4.5). For the shifts to cubic couplings, we note that
there is n? quartic coupling A?R I}I{ or )Lge 11> but there is a
coupling k?R SpH = )%, therefore
Otg

2
— — 8ympyCp — Ag—5—
Mgg

ayrf (6.20)

and finally we find that our expression for the Higgs quartic
is

1
M= (1 - 2az§><§(g§ +89)55 + (A5 + A%)sgﬁ)

2.2 5 2 2,2 )
2 [ 8yMpy dmip 82Mpy dmzp
e (S (1 ) O

Msg Mgg mrp mryp
- - 4 T19H- TOH
+8AZZ——2 aISthSaISfH— 5 ayf daf
msr mrp
2
Co8A m K
4 2PNSBIIDY g S} +3¢ +2¢}ed).  (62D)
msg

The final term accounts for the conversion from DR’ to MS:
all of the quantities on the right hand side are expressed in
terms of DR values. The expressions for all of the loop quan-
tities are given in Appendix E. Note that if we used option
2 from Sect. 2.3 then we would obtain the same result but
with §zg = 0. On the other hand, if we use option 4 then
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the above shift (6.19) in (mz)g is automatically transferred
into the definition of tan 8. However, we must treat vg to be
small and non-vanishing, and thus we would need to com-
pute all of the loop functions with modified couplings (which
would not affect the quartics, but would affect the cubic cou-
plings, fermion masses etc.). Since we still treat ¢g as small,
however, we can regard vg as being of one-loop order, and
we obtain exactly the same result as (6.21) once we identify

Sty
Vg = ——>—.
msr

7 Comparing two approaches to mixing-angle
renormalisation

A last useful illustration of our results is to compare for a
simple toy model the “perturbative” and “non-minimal coun-
terterm” approaches to the renormalisation of the mixing
between light and heavy states.

We therefore consider a model of 3 scalars, two of them
mixing that we call &1, h> and a third scalar S that does not
mix with the other two. We also define two Z; symmetries:
Z‘z“ under which &1, h» are charged and Zf under which only
S is charged, i.e.

ZA

(h1,h2, §) == (—h1, —h2, S) and
ZB

(h1,h2, §) = (hy, ha, —S). (7.1)

With these symmetries, the most general Lagrangian is

1 1 1 |
L= 5(3#;11_)2 + 5(8#5)2 - Emizjhihj - §m§52
1 ~.. 1... |
_ )\Ukl/’l'h'h h — —A’]SSh~h- 2 )\SSSS 4.
24 L kit 4 i JS —24 S

(7.2)

We define new mass-diagonal states &, H and rewrite the
Lagrangian as

L= S+ (1) + 5(05)’

2
1 212 1 2 172 1 22
— Emhh — zmHH — EmsS
_ iihhhhh4 _ lihhhHh3H _ 1)~thHHh2H2
24 6 4
_ l~hHHHhH3 _ iXHHHHH4
24
_ lxhh55h252 _ thHSShHSZ
4 2
1~ 1~
_ ZAHHSSHZSz _ ﬁ)\SSSSSél. (73)

We will consider that H and S are heavy fields and we will
consider the matching of the quartic coupling A" of the
light scalar % in the low-energy theory.

7.1 “Perturbative masses” approach

We first derive the matching relation for A" in the “pertur-
bative masses” approach, as described in Sect. 3. The absence
of trilinear couplings in this toy model simplifies greatly the
expressions of the matching condition — see Eq. (3.10) — and
of the different terms contributing to it. Using the general
results given in Appendix B, we obtain the following IR-safe
contributions for the relevant terms

(SZ,'J'ZO Vi,je{h,H, S},
L% 1- 1-
k'omyy = 5A’“”””A()(nﬁ,) + 5A’“’SSAQ(mg),

- 3 -
P I(S)thhh — E()"hhHH)ZPSS(m%-[s mé’)

3 . .
+ 5(W‘“>2Pss(m§, m3) + 3MHY pog(0, mY)).
(7.4)

The matching condition we find is then
- 3 -
Ak _ 5 hhih S |:(khhHH)2PSS(m%1’ m%{)

+ (552 Pgs(m, m3) + 2" )2 Py 0, m%,)}

FhhhH
N P

~ [ihHHHAO(m%_I) 4 ):hHSSAo(mé)}.
H

(7.5)
7.2 “Non-minimal counterterm” approach

We may instead choose to use the modified scheme presented
in Sect. 4% to simplify the matching relation by eliminating
the mixing term between light and heavy states gm% y — see
in particular Eq. (4.5). In this modified scheme, the one-loop
matching condition becomes

- 3 >
A hhhh _ )\gﬁz.hh + EK [(Ai’ﬁHH)zPss(m%p m%)

+ (AMS8Y2 pos(m%, m%) + 202 pog 0, m%,)}
(7.6)

The subscript “c.t.” on the couplings in the high-energy
theory indicates that these are computed in this non-minimal
counterterm scheme. Indeed the masses and the mixing angle
between h and H are modified in the counterterm scheme,
which in turn changes the couplings. If the rotation matrix

8 Note that in Sect. 4, we discussed the choice of counterterm for the
heavy masses, however, as there are no trilinear couplings in this model
we do not need to worry about this here for the matching condition for
the quartic coupling.
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0.6

Ahhhh

/\1122

Fig. 7 Quartic coupling A" between four light states obtained after

integrating out the heavy scalars H and S, as a function of 11122, Dashed

curves show the results obtained at tree level — i.e. Al = jhhhh _

in the “perturbative” (light-red) and “non-minimal counterterm” (blue)
schemes, while solid and dot-dashed curves are the results at one-loop
order in the two schemes — found using Egs. (7.5) and (7.6). For the val-
ues in the “counterterm” scheme, the (blue) solid and dot-dashed curves
differ by the choice of couplings used in the one-loop corrections (see
Eq. (7.6)): the dot-dashed line corresponds to using couplings computed
in the standard “perturbative” approach at one loop, and the solid one
corresponds to using couplings computed in the modified scheme. The
difference between these two choices is formally a two-loop effect

that diagonalises the matrix mlzj in the “perturbative masses”
approach is denoted R = R(Bper) — i.e. Ri,-/ml.z,j/RjT,j =
[diag(m%l, m%,)] ij — then the modified mixing angle is found
by diagonalising the matrix

2 5,2
RT (_mﬁl SmgH) R

7.7)
dmy y my

Once we have this modified angle, we can compute couplings
in the non-minimal counterterm scheme. Note however that
as ANMHH 3HhSS and JMMH only appear in the one-loop
correction in Eq. (7.6), the change of scheme for these cou-
plings is only a two-loop effect in the matching — and only
the change in Xg.’t'lhh is relevant at one-loop order.

7.3 Numerical example

To compare the different results obtained in the “perturba-
tive” and “non-minimal counterterm” schemes, we consider
the parameter points defined — in the non-diagonal basis of
Eq. (7.2) —as

m3, = (100 GeV)?, m?, = (400 GeV)?,
m3, = (2000 GeV)?, m% = (5000 GeV)?,
)Lllll — 1’ k1112 — 2’ k1122 c [_4’ 4]’
AP =15, 072 =05,

AISS — 0, 21255 =35 22255 — . (7.8)
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In the above inputs, we have chosen a small value for m%z
with respect to m%z in order to have a small mixing between h
and H at tree level in the “perturbative” scheme, and we have
also taken large values for m% and 21255 (and thus AHHSS )
to maximise the effect of the off-diagonal loop-level mixing
term proportional to Emi g in Eq. (7.5). Moreover, from the
mass parameters in Eq. (7.8), we can derive the mass eigen-
values to be mj; = 60 GeV and m%, = 2002 GeV, indeed
ensuring that our EFT approach of integrating out the heavy
mass eigenstate H and the additional scalar S is valid. We will
consider that the input values given in Eq. (7.8) are defined
at renormalisation scale equal to mg.

Figure 7 shows the values that we find for respec-
tively in the “perturbative” (light-red curves) and the “non-
minimal counterterm” (blue curves) schemes, at tree level
(dashed lines) and one-loop level (solid lines), as a function
of the coupling A1?? of the non-diagonal basis. At tree level,
one can observe a large difference between the quartic cou-
plings obtained in the two schemes. This can be understood
because the mixing between h and H is small at tree level,
but the loop-level mixing gmfl g 1s large, therefore the rela-
tive effect of the loop-induced mixing is large and the mixing
angle is modified significantly between the two schemes.

At one-loop, we see that the loop corrections are much
larger in the “perturbative” scheme than the “non-minimal
counterterm” scheme; again, this comes from the fact that
the loop-level mixing term — proportional to Sm% g —1s large
for the parameter points we considered. However, while the
loop corrections differ in magnitude, the one-loop results for
AR in the two approaches are close. The differences that
appear for increasing A!1?? can be interpreted as indications
of the importance of two-loop corrections. A simple way to
estimate the typical size of the two-loop corrections to the
matching is to compute the matching relation (7.6) using
for the couplings appearing in the one-loop terms the values
obtained in the “perturbative” scheme —i.e. we use Eq. (7.6)
with ALk 5 RHH 5 RRSS and jhMH _ a5 the difference with
using all couplings computed in the “counterterm” scheme is
a two-loop effect. Doing so, we obtain the dot-dashed curve
in Fig. 7, which is still close to the result of the “perturba-
tive masses” scheme and only differs significantly for large
|A1122| _ this indeed confirms missing two-loop corrections

as the origin of the difference between the solid curves for
Ahhhh-

A\ Jthhh

Before ending this section, a final comment is at hand
about the choice of inputs and of scheme when integrating
out heavy fields. If we had proceeded naively — or incorrectly
— and had not specified the scheme in which the diagonal-
basis couplings are given, or in which they are computed from
other inputs (such as in Eq. (7.8)), we could have obtained
widely different results for A" Indeed for a given value
of A"t depending on the scheme that it is considered to be
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given (or computed) in, the loop corrections that are added
to it change drastically — as we saw in the above.

8 Threshold corrections to Yukawa couplings

Finally? we discuss threshold corrections to Yukawa cou-
plings, which are much simpler than those to quartic scalar
couplings. Since we are not considering heavy gauge bosons,
there are no contributions to the matching proportional to
gauge couplings (as before, provided we use the same renor-
malisation scheme both above and below the matching scale).
However, we must take mixing effects into account:

1J 1J =
YE;T = yHIfT + ‘Syup + yUR‘SURp

1 ,
— 5y”’(szr,, + [y’ PSUR, + (I < J)].
(8.1)

Here we use capitals {/, J} for fermions (see Appendix A for
all our conventions). We provide the expressions for §y!/?
in Appendix B.2.2 and Ug, is given either by (3.7) in the
“perturbative masses” approach or 0 in the “counterterm”
approach. However, we have so far not discussed fermion
mixing, which may be important in models e.g. with heavy
top partners, or the FSSM [21,22]. The derivation is very
similar to the scalar case: we give the corrections to the kinetic
and mass terms (in two-component spinor notation)

. —J
Trer D iGZEETY yiotd, 0

- G(&M” + 8 M YUy + hc) (8.2)

in Eq. (B.4) (or see [70]), and we can divide the fermions
into heavy and light states, then make the identification again
AZp =8ZHET — §ZELET and

WnET = Wwp)] () EFT
J

1
= (1 —5AZr+ SRF> Yy EET
1

(8.3)

Here (AZp)" = AZp,(8RF)" = —8Rp. The differ-
ence from scalars is that we should diagonalise the matrix
MipM 'y (note that Dirac fermions do not have diag-
onal matrices Mj; in two-spinor notation); if we write
{L,L’},{H, H', H"} as indices for light and heavy fermions
respectively, then we have

9 Scalar trilinears a; jk are of order ¢ and as we have taken the limit
¢ — 0, there are no scalar trilinear couplings in our setting and hence no
corrections to them either — note that these corrections could in principle
be obtained easily from the results in Appendix B.2.1 together with the
modified loop functions defined in Appendix A.2.

Mip= Mig =0, MypMTH = 5Z/m%1,
1
0= —E(AzF)gm%, + (BRp)Lm?,

+ OM + 8 MY My (8.4)

which leads to

Lo Muu
2

1
(BRp)h = E(Azmz — (8M + 8.4 M)
my

1
UL = =5 (AZp),

L —SMLH' MLZ’H perturbative masses approach
Ur) g = Mh .

0 counterterm approach
(8.5)

9 Outlook

We have described how to match renormalisable couplings
between general theories and explained the different choices
that can be made. Our aim is to simplify the calculation of
the matching as much as possible, since already at one loop
the expressions are rather long; we provide what we expect
to be the simplest possible prescription for matching onto the
SM using only two-point scalar amplitudes in Sect. 5.1, and
the simplest general prescription in Eq. (4.10).

The logical extension is to pursue our approach(es) at two
loops. Beyond one loop, we expect the use of mass countert-
erms to become more important to simplify the removal of
infra-red divergences: in particular, if the hierarchy between
¢ and M is comparable to or greater than one loop order (so
that the scales are highly tuned) then we expect the “naive
perturbative” approach should break down, because we will
not be able to treat the “light” states in the loops as massless.
Investigating this and its relationship to the Goldstone Boson
Catastrophe [47,71-73] will be the subject of future work.
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A Conventions and loop functions

We shall work with a theory of scalars, fermions and massless
gauge bosons (i.e. we shall assume for this work that the
SM gauge group is not extended). The general Lagrangian
interaction terms are

L=Ls+ Lsr+ Lsv+ Lrv + Lgauge + Lsghost- (A1)
Weuseindices {i, j, k, [} for general real scalars, {I, J, K, L}

for Weyl fermions, and {a, b, c, d} for gauge bosons. The
interactions are

Ls = —%aijkcbiq)jq)k - %Xz‘jqu)iq)j@k@l
Lsp = —%yljkl//llﬂﬂ’k - %ymﬂ’?@k
Lry =gl AYY 51y
Lsy = %g“biAZA“bGD,-

+ %g“bifAZAM%@j + g AL ;9" D

Longe = g7 AL AL A

1 . . .
_ ZgabegcdeA/mAvbALA(j + gabcAﬁcbach

1 .
~rab —a b
[:Sghost = —-Eg D,

> (A2)

These differ a little from the conventions of e.g. [74] because
we use the metric (+, —, —, —). With the assumption that
the gauge groups are unbroken, Lsgnost = 0. The mass terms
of fermions are

1 1 —I—J
Lr D —EM”wm — MY

where M1/ = M7, is not necessarily diagonal (indeed it
cannot be for Dirac fermions) but

MY Mk = 8km3.

We will also make use of the effective potential Ve¢r, which
we can expand perturbatively to one-loop order as

Veir = VO 41V = vO (v + v + vy,
(A3)

where V© is the tree-level potential, and Vél) , V}l) , Vél) are
respectively the scalar, fermion, and gauge-boson contribu-
tions to the one-loop potential, with the loop factor denoted
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1

K

A.1 One-loop functions

We shall use loop functions that mostly coincide with those
of [75]: the one-loop integrals are defined in d = 4 — 2¢
dimensions, in terms of Euclidean momenta

dk
Ax)=C | ——— A5
w=c 5 (A5)
B(p*x,y)=C f d’k (A.6)
piXx,y)= .
k2 +x)((p — k> +y)
Co( ) C/ d’k (A7)
X,V9,2) = .
oy K+ 0E + )02+ 2)
Do ) c/ dk
X, Y,3,U) =
0f ). 2 K+ 0& + &+ 2K +u)
(A.8)
where
3
"
C = 16x2 ) A9
T 2yl (A9)
We then define
0% =4me 7Eu?, Togx = logx/ Q2. (A.10)
From these, we use the finite parts, namely
Ap(x) = lim |:A(x) + £i| = x(@x - 1)
e—0 €
2 . 2 1
B(p~; x,y) = lim |:B(p 3X,Y) — —]
e—>0 €
. 1
PSS(X,Y)E—hm [B(O,x,)’)__:|
e—>0 €
A — A
_ M@ =AW
X =y
Pss(x, x) = logx. (A.11)

The functions Cy, Dy are UV-finite, so we can safely take the
limit ¢ — O when there are no IR poles:

Co(x,y,2) = lirr}) Co(x,y,2)
€e—

1
= Pss(x,z) — Pss(y,Z):|
X =YL
DO(X’ Y, Z, u) = eli_I)l})D()(X, ¥,z M)
LT
= Co(x,z,u) —Co(y,z,u)].
y—XL

(A.12)
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In the case of coincident masses, one can take the limit as
y — x in the above. Note that Psg, Co, Do are symmetric
under permutation of all masses.

Finally, for the kinetic terms we require the derivatives
of the B function evaluated at zero external momentum; we
denote throughout with a prime the derivative with respect
to external momentum squared:

d
B'(0;x,y) = -5 B(p* x, )
P p2=0

1 2 2
= 267 BE [x —y 4 2xy 10g(y/x)j|
B'(0; x, x) :
X, X) = —
6x
1
B'(0;0,x) = —. (A.13)
2x

A.2 Infra-red safe loop functions

Throughout the text we require infra-red safe loop func-
tions, which can be defined in several ways (as described in
Sect. 3.1) but the simplest of which is just using dimensional
regularisation. We have

Pgs(0,0) =0 = Co(0,0,0) = Dy(0,0,0,0)
Ao(X)
X2

— 1 — —
DO(O’ 07 Xv Y) = _ﬁ[co(ov O’ X) - CO(Ov 01 Y)i|

— 1—
Co(0,0, X) = }PSS(Ov X)=

— logX —2
Dy(0,0, X, X) = —xz (A.14)
If we want to retain the infra-red divergences, we have, noting
for example that B(0; 0,0) =0 = # — # + O(e):
1
Pss(0,0) = —
€IR

Co(0,0,0) = Do(0,0,0,0) =0
11 —
C0(0,0,X) = ———+ Co(0,0, X)
X err
1
—-L L i D0,0,x 1)
- XY €IR 0 s Vs ’

1 1 _
Dy(0,0,0, X) = —2—+D0(0, 0,0, X). (A.15)
X“ €1R

B One-loop threshold corrections

Here we give all of the corrections to all necessary n-point
functions in the limit of vanishing expectation values and

external momenta in a general theory with massless gauge
bosons. For the matching procedure we need to compute
these in the high-energy theory and use them as described
in the body of the paper.

B.1 Two-point couplings
B.1.1 Scalar self-energies

The full expressions for scalar self-energies at one loop were
given, for example, in [74]. Here we give the zero-momentum
limit:

1 ;(0) = %i,-jxxA()(mi) + %aixya,-xyPss(m,%, my)
— £g"% gk Ao (mp)
— Re[y* "y 1G(0; my . m])
— 2Re[yXE YKL My g My 1) Pss(m . m3),

_ 1
K ln;j(o) = _EaixyajxyB,(O; m,%a mi)

. 21 _
+ g“”‘g“f"[i(s +5) — (3 - &)logm?]
— RelyXE yg1;1G(0; m%, m?)
+ 2Re[y XL yK'L'T My o M1 1B' (0 m%, m3),
(B.1)

where

G(p% x,y) = (p? —x — Y)B(P* x, ¥) + Ao(x) + Ao ().
(B.2)

We have included the gauge dependent parts, although we do
not need them for IT;, because they will be the same in both
the low- and high-energy theories.

B.1.2 Fermion self-energies

The full expressions for fermion self-energies at one-loop
were given, for example, in [70]. Here we simply state the
formulae that we need: the zero-momentum and zero gauge
coupling limit contributions to the effective action terms

_ 1
TS iGZr)h oo,y — (-(SM”wnﬁJ +h.c.>,

2
(B.3)
and we find
BZF) g0 = ky" 'y ki B1(0; ma, miz),
M gm0 = ky" KTy KMy g Pss(my, m7), (B4
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where
1
B1(0;x,y) = 5[()6 — y)B'(0; x,y) — Pss(x, y)]. (B.5)

B.1.3 Gauge-boson self-energies

In the absence of heavy gauge bosons, the threshold correc-
tions to gauge boson self-energies come only from fermions
and scalars and are given by

ATl (p?) = TEET (p*) — TEFT (p?)

= 1155 (p») — T (p?),

i Map(p?) = 28V 8" Boa (ps mi, m3)
+2Re(g% g5 My M7 B(p?; m3, m%)

— g4 g% Ho(p?; m%, m?). (B.6)

The hat indicates that the pure gauge parts have already been
removed. The definitions for the functions Hy and 1§22 are
the same as those of PBMZ [68] and, as they are long, we
do not repeat them here. The required limits for the general
case are

~ 1
B2 (0; ml2 m?) = Z(miz - m?)zB/(O; ml2 m?).
Ho(0: m7, m3) = (mf — m3)*B'(0; m7, m3)

+ (m3 4+ m?) Pss(m3, m%). (B.7)

These identities can be used to prove (5.25) at one loop. In
the limit of an unbroken gauge group, we have

Moy (p?) = kg?6% [2520)&22(;)2; m?, m?)
- Sz<1)<2m%3<p2; m2, m2) + Ho(p*: m3, m%))],
I14(0) = 0,

~ 1 _ 2 _
1, (0) = kg8 |:8S2(i)logmi2 +3 Sz(l)logm%], (B.8)

where S5 is the Dynkin index of the representation of the
scalars or fermions, and g is the gauge coupling for the unbro-

ken gauge group. The final expression gives the well-known
one-loop corrections to gauge thresholds:

8% rrdab = 8hprdab + gz[(ﬁ;,,w))"” - (ﬁ;,,w))m].
(B.9)

B.2 Three-point couplings

The only relevant three-point couplings that we need are
cubic scalar couplings and Yukawa couplings, all those
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involving gauge bosons just being given by the gauge cou-
plings.

B.2.1 Scalar couplings

For a term in the effective action

1
ros _gaaijkqjiq)j(bk (B.10)

recall that we have

5 OVE oy Zy gy oy
ajix =K ———, = .
R P00, 00, 5 F v
(B.11)
Then
3V 1.

_ 2 2
90005 g hidxy ey Pss (i, my)
9]

1 ..
+ gakxyajyzaiszO(m)zcv mi» m?) + (ijk),
(B.12)
v 2 .
m = —gRe()’”l)’J KIyK T My My M k)

0P

X Co(m%, m%, m%()

—2Re(y! Ty Ky My )

Fy(m7, m5, m¥) + (ijk), (B.13)

where

F3(m3, m%, m%) zgligb[c/ddk(—k%

l—[ 1 + 1]
72 12 =
Tersx) KoM €

= m3Co(m3, m%, m%) + Pss(m?%, m%).
(B.14)

Note that the function F3 could also have been written in a
form where it is manifestly symmetric under the exchange of
any two of its arguments. It only has an infra-red divergence
for all three arguments vanishing, so we can define

F3(0,0,0) = 0;

Fi(x,y,2) = F3(x,v,2) (x,y,2) # (0,0,0). (B.15)

Finally for contributions from massless gauge bosons:

83Vx(/1) Lo ail_aj 2 2 3
m= - 558‘” &Y™ amp Pss(my, my,)+(ijk)+0(g7).

i0®P;
(B.16)

The O(g>) pieces automatically cancel between high- and
low-energy theories, so we do not include them.
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B.2.2 Yukawa couplings

With our assumptions of having no heavy gauge bosons, the
only vertex corrections to Yukawa couplings come from tri-
angle diagrams with scalars and fermions in the loop. The
result is that

1 .
> —55)’”’1/111/11431',

—15.1Ji Klk _K'Jj 2 .2 2
k7 8yM = Mg graiiry™ 'ty /Co(mj,mk,mK)

KIk K'Jk
-y oy

+ My Mgy iy KRy K IR Com, m, m%(/)-
(B.17)

.2 2 2
ykki F3(myg, my, my))

To find the matching condition, we need to supplement this
with corrections from the scalar and fermion self-energies
and insert them all in Eq. (8.1). Note that the infra-red diver-
gences are much more simply tamed than in the pure scalar
couplings: the difference between the HET and EFT is auto-
matically infra-red safe and corresponds just to replacing
F3 — F3 in the HET. The other two terms are always infra-
red safe, because the first term can only diverge for the case of
j, k both light fields, so the coupling a'/* must vanish when
i is also light; while the last term has mass prefactors that
vanish for light fermions.

B.3 Four-point couplings

For a term in the effective action

1 -
o _ﬁf”‘ijkld%‘q)jq)kq)l (B.18)
recall that we have
B FRAASY)
Ohijkl =K >
0P; 0P ;0D 0P,
v =y Ly Ly, (B.19)
Then
atvgh 1. - s s
T30, 5ead 16 e Ps (o my)
1~
+ Z)Lijxyakyzalzxco(mi, m§7 m?)
1
- gaixyajyzakzualux
Do(m}, m3, m?,my) + (ijkl). (B.20)

34‘/;1) 1 17i J'Kj K'Lk L'I'l
= _Re(y! /Iy KIyKLky
0D; 0P ;000D 2

X M][’MJJ’MKK’MLL’)DO(m%v m%v m%, mi)
+2Re(p! y Iy Ky My M)

2 2 2 2
X F4(m[s my,mg, mL)

+Re(y! Iy Ky iy My g MEE)

2 2 2 2
X F4(m[s my,mg, mL)

1 .
+ ERe(yljlyJijKkaul)

x H4(m%, m%, m%(, m%) + (ijkD),

(B.21)

where F; and Hy are defined in terms of Euclidean momenta
as

Fy(m%, m?%, m%, m?)
1
= lin})C/ddk(—kz) [ ——=
N Ie{l,J,K,L}k +mz

2 2 2 2
H4(m[,mj,mK3mL)

lim | C / ddk(k4)<
e—>0
= —Pss(my, m7) + (m7 +m3) Fa(mi, m3, my, m7)

— m3m3 Do(m3, m%, m%, m?), (B.22)

1—[ 1 > 1
) - -
k? + m> €

Te{l,J,K,L)

and, as before, (ijkl) denotes the 24 possible permutations

of {i, j, k, I}. Note that to pass to infra-red safe expressions

we replace Pgg, Co, Do by Pgs, Co, Dy in the above.
Finally the contributions from massless gauge bosons are:

4yv,(1)
"V,
3®i3®j3¢ka®[ O(g?)

IR
= —Zégmmga”)»mnklf’ss(mzn, m2)

1 . .
_ _Egazmgajr

3 amnkanrlCO(mgna mﬁ’ m%) + (l./kl)

(B.23)

We omit the terms of higher order in the gauge coupling,
which automatically cancel between high- and low-energy
theories except when they are given in different schemes.

C Cancellation of infra-red divergences

In this appendix we explicitly show the cancellation of infra-
red divergences in the matching of quartic scalar couplings.
We start by considering the case of purely scalar contribu-
tions to the different terms in the matching, before turning
to the case of fermionic contributions in Appendix C.1. We
have already demonstrated the complete cancellation of con-
tributions from gauge interactions in Sect. 3.3.
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For the diagrams with only scalars in the loops, let us
first summarise the infra-red divergent parts of the necessary
quantities in the high-energy theory:

_ 1
K I(Sm%;Q = Ean_anxyPss(m,zp mi) + IR safe,

k' 8apy, = Eapxyaqygargxco(mﬁ, m3, mg)
+ Z)N\qrxya'nyPSS(m%, m?) + (¢ < r) + 1R safe,
157 1. 2 2
K™ O pgrs = E)\pqu)hrsxyPSS(mxs my)

1- 2 2 2
+ Z)‘-pquaryQaJQxCO(mxs my, mg)
1
- Zapraq Qzar;RAsRx DO(m)zp mZQa m? m%g)

+ (pgqrs) + IR safe. (C.1)

These must cancel against the calculation of §A 4,¢ in the
low-energy theory:

-1 1 2
K™ 8Apgrs = — Pss(m

16 X mi))\pqu)\rsxy + (qus)

1 2 251 % by
= E ss(my, my) }\pqu)"r‘sxy

2 -
- T(a’quany + 2a'prany))\rsxy
np
1

+ 5 3 (a”quaQrsanyany
+4appqapryaQrrdQsy + 4a7’17xa7’qyaerast):|

+ (pgrs). (C.2)

Collecting these together in the matching relation for the
scalar quartic coupling, Eq. (3.10), one finds for the poten-
tially divergent terms:

1~
-1
K~ Ahpgrs D Z)"rsxya’pra’qu

1
X [Co(mi, my.mp) + m—QPss(m)zc, m%)}

P
1 1
T 1 9PpxdPqyaQrxdQsy 5
mp

1
X C()(m/%, mzyv ng) + m_ZPSS(szf’ m?)i|

- Q

AP pxAPqgyaQrxaAQsy

B—=

2 2 2 2
X | Do(my, mp, my, mg)

1
+ —— Pss(m?, m§>] + (pgrs) (C.3)
umQ
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The terms in square brackets are all finite as we take the
limit m,,my, — 0, and could be taken as the defini-
tions of the functions Cg(0, 0, X), Do(0,0, X, ¥) which
agree with our dimensional-regularisation definitions (A.14).
Note that these do not give the limiting expressions for
Co(0,0,0), Do(0, 0,0, 0) which, as mentioned in Sect. 3.1,
remain ambiguous but give no net contribution when we sub-
tract the contribution of the LET from that of the HET in the
matching.

C.1 Absence of IR divergences from massless fermions

We can now show that vanishing fermion masses cause no
divergence in the fermion contributions to the matching of
three- and four-point functions — see Eqgs. (B.13) and (B.21).
First of all, it should be noted that terms in which all the
fermion masses vanish do not pose a problem in the matching
because they appear in both the high- and low-energy parts
of the matching.

Then, considering the three-point contribution in
Eq. (B.13), one can notice immediately that the first term
— of the form M”/M“/MKK/CO(m%, m%, m%() — cannot be
divergent, because by itself the function Cg diverges at most
as an inverse mass-squared if all its three arguments tend to
0 — recall that Cy(8, 8, §) = 1/26. For the second term, in
the case where M j vanishes, the overall term is also zero,
however there remains to verify that F3 (m%, m% , m%() is reg-
ular in the limit where m% and m%( go to zero (if only one of
these two masses is zero, the Pss and Cg functions are not
divergent). We have then

Ao(m?)

F3(8,m3,8) = 8Co(8,m3, 8) + Pss(m},8) —> ——1,
§—0 m5

(C.4)

as we know that Cy (3, 8, m%) diverges as log§.

Turning now to the four-point couplings, for which the
fermion contribution is given in Eq. (B.21), we have three
types of terms to verify. First, the term My My Mg g My
Do(m%, m%, m%{, m%) is not divergent even if all four mass
arguments are zero because Dy(6,48,68,5) = 1 /682. Sec-
ond, we must consider the terms involving the function
F4(m%, mzj, m%(, m%): if three (or four) of the masses are
zero, the mass prefactors ensure that the contributions to the
four-point coupling are not divergent. However, it is neces-
sary to verify what happens when only two mass arguments

vanish, say m% and m% We find

Fy(8,8,my.mj) = 8Do(8,8, my.m7) — Co(8, my.mj)

=, —Co(0, i, mi), (C5)

as Dy(6, 6, m%(, m%) diverges like log 6.
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There remains to show that H4(m%, m%, m%{, m%) is not

divergent when one or several of its arguments are zero. For
only one vanishing mass, this is apparent from its definition in
Eq. (B.22). Then, we can consider the case of two vanishing
masses, say m% and m%:

Hy(8,8,m%,m3) = —Pss(m%, m?)
+28F4(8, 8, m%,m3) — 8> Do (8, 8, my , m?)
(C.6)

2 2
— _PSS(mKs mL)
§—0

The case with three zero masses is also simple to verify,
requiring only the intermediate results

1 logs  Ag(m?) 1
Do(5,8,8,m3) — —5— + —o2 — vy
§—0 2mL8 mjy mjy ZmL
(C.7)
logs  Ao(m? 1
Fao.0,8.m}) — 2 A0 1 €8)
6—>0 my my 2mL

and we find

Hy(8,8,8,m7) = —Pss(8, m7) + 26 F4(8,8,8,m7)
— 82Dy (5, 8,8, m?)
_ Ag(m})

2
§—0 mL

(C.9)

Finally, if all four of its mass arguments are zero, the func-
tion Hy(8, 6, 8,8) does diverge, but this does not cause a
problem for the matching because a term with all fermion
masses vanishing would appear both in the EFT and the UV-
complete sides of the matching condition.

D Threshold corrections to the electroweak gauge
couplings

We present in this appendix details about the derivation of
the threshold corrections to gy and g, — the gauge couplings
of U(1)y and SU (2), respectively — given in Eq. (5.5). The
radiative corrections to gauge couplings are obtained as the
corrections to the gauge-boson kinetic term, i.e.

1 1
— F W F* — — (1 4+ AZy) Fy F*,

e v (D.1)

where A, is the gauge boson of some gauge group, F,,, the
associated field-strength tensor, and g the gauge coupling.
In the above relation we have AZ, = —IT/, , (0), the latter
being the derivative with respect to external momentum of
the transverse part of the gauge-boson self-energy. Applying

this to U(1)y, the threshold correction to gy is found with
the relation

1

w0 (1 - nggT’(O)) B, B
Y

1

- (1- I'ISM’(O)) B, B"",
4(g3 + Ag) ( BB v

(D.2)

where B, is the gauge boson of U(1)y and B, the corre-
sponding field-strength, and the self-energies on the left and
on the right are computed in the high-energy theory and in
the SM, respectively. We thus obtain

Ap =g} [nggT/(O) - nﬂ"g/(O)] . (D.3)
Similarly, for SU (2)1, we obtain

2 HET SM
Ag =g [MHEL © - 13, O], (D.4)

where Wj is the third component of the SU (2), gauge boson.
Now, expressing the Z-boson mass eigenstate in terms of W3
and B, we have

(8} + )N zz = & Mwyw, — 2gv&2llwyp + g7 5.
D.5)

Finally, as we need in Sect. 5 the gauge threshold corrections
in the limit v — 0, we know from gauge invariance that
in this limit the Iy, term should vanish. Taking all these
intermediate results together, we obtain

which is Eq. (5.9).

E Dirac gaugino contributions

In this appendix we collect the various contributions nec-
essary for matching the Higgs quartic coupling from the
MDGSSM assuming that the low-energy theory is the SM
plus higgsinos, in the limit that p is small compared to M
and the other masses. We split each term up according to the
fields contributing: the Higgs and S/ T scalars §s; fermions
3 F; and sfermions (squarks and sleptons) & I Hence the cor-
rections to the Higgs quartic in the MDGSSM become

Sigg = SSXZZ +3F5\Zg +§f~5\gg’

(E.1)
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and so on for the other corrections appearing in Eq. (6.21);
while the derivatives of the self-energies with respect to exter-
nal momentum are expanded as

()5 = () #0) + ()7 0) + (nff)g(O). (E2)
E.1 Corrections to the singlet tadpole

The singlet tadpole term obtains a contribution from the
heavy Higgs and the squarks and sleptons

Kk '5ts = mmgycho(M%{) +mpygy
3

x Y [Aomﬂg,.) —240(m;) + Ao(m,)
i=1

— Ao(m1,) + Ao(mi-,,)] (E.3)

where H is the heavy Higgs doublet, the sum on the last
line is over all generations i, and Q, U, D, L, E represent
the sfermion partners of the left-handed quarks, right-handed
up-type quarks, right-handed down-type quarks, left-handed
leptons and right-handed leptons. Note that we explicitly set
the singlet expectation value vg to zero at tree level along the
lines of option 3.

E.2 Contributions from Higgs and S/ T scalars
E.2.1 Corrections to the Higgs quartic coupling

The scalar contributions to the one-loop Higgs quartic cou-
pling in the MDGSSM read

KﬁlES}N‘ZZ = *4g?/mé})y[Do(m%_(, m%_{, m%R, m%R)sgﬂ
+2D0(0, m3,. mg. mip)cipsys
+D00.0,mdg. m)ch]

— 8g38ympympy [DO(m%.(, m%{, mig, mZTP)sgﬂ
+2Do(0, my . m§g, m7 p)c3p53s

+D000.0. 0%

- 12g3m‘},2[D0(m%{, m%iv mip, szP)S§ﬂ
+2D0(0. m3y. m7p, m%‘P)C%ﬂS%ﬂ

+ D000, . 0

+4gympy g [‘Y%ﬁCO(m%# Mg, M3R)
+¢35Co(0, mgg, m3p)]

— 8g2gympampy Asht[s35Co(mi,. msp. m7 p)
+ C%ﬁCO(O’ m3g. m2TP)]

+ 12g5mp, 27 [s35Co(myy, my p, m7 p)

+33Co(0, m7p. m7p)]

1
+ ng,m%)y [83 + g7 +2003 +13)
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—3(g3 + g7 — 205 + A7) cap]

X sgﬁCo(m%{, mi,, mip)

+ %8%’"%)2[75’% — gy — 205 — 1547)
—5(23 + &y — 205 + A7))ca]

X sgﬂco(m%{, m%{, mzfp)

+2(83 + g7 — 205 + 4383

X [3g%m%yCo(0, m%_t, m%R)
+583mp, Co(0, myy, mi p)]

+ (&3 + 87)035 + 2005 + A7)s35) 3

x [3g3m%by Co(0, 0, m%g) + 583m%,Co(0,0, m% p)]
1
+ 3 [(—3g§ + gy +22% — 1423

+ (8% + g — 203 + 13))cup)?
FH20E+0 0 + (B + &)

— 20 +22))cap)?
+4(g3 + g7 — 2003 + xi))zsg‘ﬁ} x Pss(m3,, m3,)

26+ g) — 203+ 153y x PsO,md)
+ Aé(PSS(méR’ m3g) + Pss(m3;, mél))

+ 327 (Pss(m7p, m7 p) + Pss(m7y, m7 )

+ (87 = 243)*cy Pss(m7p, m7yy)

+ 20507 (Pss(m3 g, m7 p) + Pss(m3;, m7y)) (E4)

E.2.2 Corrections to cubics

The relevant non-zero cubic couplings are Sg|H|> and
TI(,) | H |2; these are at tree level

CIIS{RH = —gympycap + V2hsu,
TOH
a,/ = gampacag + V201 . (E.5)

In the following we shall set u = 0.
The shifts are then

H
= —2gympyAtcap Pss(0, m5g)

qusalsf
- g%m%ycgﬁa)(o, 0, m%R)
+ 6g2m parsitcag Pss(0, ma p)
— 3g%gym%)2mDyc§ﬂfo(0, 0, szP)

+ gympycapsis
% (Co(m%{, m3,, mip) —2Co(0, m3,, m%ﬁ)

+3gygam DszpZCZﬂS%/g
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x (Co(m%_l, m3,, m%p) — 2Co(0, m3,, mZT,,)>

l 2 2 2 2
+ 8gymDycz,3 3g5 — gy +2A5 + 18A7

—3(g3 + g7 —20% + )LZT))C4ﬂ)PSS(m%.(, m3,)

3

- EgYmDYCZﬁS%ﬂ (g% + g12/

—2(A% +13)) Pss(0, m%)) (E.6)

_1< TSH

Kk 18say" = —2hshrgympycap Pss(0, mgg)
+ ngimD2m20yC§,360(0, 0, m%[g)
+ 223 gam pacap Pss (0, m.p)
— 3mpyc35Co(0,0,m7 p)
- gzg%mozm%ycws%ﬂ (Co(m%_l, m%{, m%R)
—2Co(0, m%_‘, m%R))
+ g%m%zczﬂsgﬁ (Co(m%{, m%i, szP)
—2Co(0, m3, mZTP)>

1
+ ggszzc‘zﬁ (3g§ — g)z, — 6)»% + IOAZT

+(g5+gy —205+ A%))m,s) Pss(m3,, m3)

1
+ EmeDZCZﬁs%ﬂ (85 + 812/

— 2(A5 + 47)) Pss (0, m3) (E.7)

Note that due to our choice of working around the tree-level
value of the singlet VEV vg = 0 — following the option
3 described in Sect. 2 — there is an additional shift to the
trilinear coupling ai,’" A hotincluded in Eq. (E.6), as shown in
Eq. (6.20). However, as can be see in the last line of Eq. (6.21),
we have already included this shift separately in the threshold
correction to the Higgs quartic coupling.

E.2.3 Self-energy correction

The derivative of the Higgs self-energy with respect to
momentum is

M) ©0) = —gymbye3sB'(0: 0, mip)
_ 3g%m2D2C%53/(0a 07 m%P)
- 812/m%)YS%ﬂB/(O; m%i ms)

— 3g3m7y,535 B/ (0: m3; m7p) (E.8)

E.2.4 Corrections to masses
The corrections to the masses of Sk and TB are

KilgsméR = ZA_ZQAO(m%_[)
+2gymby (¢35 Pss(mi. m3,)
+ 253, Pss (0, m3,))

K—lgsszg = 2A7Ao(m3,)
+ Zg%Ao(m%M) + Zg%m%n (c%ﬂ Pss(m%{, m%{)
+ 2535 Pss (0, m3,)) (E.9)

E.3 Contributions from fermions
E.3.1 Corrections to the Higgs quartic coupling
In the limit of & — 0, we have

CISRAEE = (gh + 43%) Hy(0,0, mbyy. my)
+2(8387 + 42527 Ha(0,0, myy, miyy)
+ [4(g§‘ + gIAF +4AT) + (83 — 2)»%)%44

x Hy(0,0,m%,, m%,)
+4gympy A5 F4(0, 0, mpyy . mpyy)
— 8gygaisirmpympaFa(0,0, m%,, myy)

+ 4g3mh 2% (3 + 2¢ap) Fa(0, 0, mhy,, mhy).
(E.10)

E.3.2 Self-energies and cubic terms

The fermionic contribution to the derivative of the Higgs
self-energy is given (still in the limit & — 0) by

IO =~ 28} + 236 0;0,my)
— %(g% +2)7)G'(0; 0, m7y)
_ —i[g% +213 +3g3 + 6}
—2(g7 +225)Togmpy —6(g5 + Wﬂ@m%z]
(E.11)

and for the cubic couplings we have
K_lgpa}s_}RH = «/E)»S [(g%, + 2)»% + \/Egy)nsczﬂ)F3(0, 0, m%)y)
— (g% + 2)»27 + 3\/§g2ATczﬂ)F3(0, 0, szz)i|

~ T9H
kK Spa " = ﬁAT[(gi + 233 + 28y hscap) F3(0,0,m%y)
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+ (383 + 622 + V2g207¢28) F3(0, 0, mgz)]

— 4g> (V28201 + (83 + 2A3)c2p) F3(0, m%yy, m%y))
(E.12)

E.4 Contributions from sfermions

Here we give the contributions to the different terms in
the matching of the Higgs quartic coupling arising from
sfermions, in the approximation that y, —the top Yukawa cou-
pling in the MDGSSM - is the only non-vanishing Yukawa
coupling.

E.A4.1 Corrections to the Higgs quartic coupling

The contribution to § figg is unchanged from the MSSM,
see for example the result in [20] — but note that the tree-level
expressions therein are given in terms of the SM electroweak
couplings, and not in terms of the couplings of the high-
energy theory as in this appendix.

E.4.2 Corrections to cubics

K—lgfai[RH ) ytzsﬁl: — 3\/§X5A;65P55(m2Q3, m%fs)
+ gympysp(AF[Cotmy, mh, m)
2 .2 2
—4C0(mQ3,mU3,mU3)]

+ Pss(m,, mb,) — 4Pss(m3,, m%,))]

3

1

~ Leimoren Y. [Pss<m2Q,., )
i=1

+8Pss(my,, my,) + 2Pss(mp,, mp,)

+3Pss(my,, mi,) + 6Pss(my,, m",i;,)}
_15 TOH
K 18];aHP D) 3y12S/3|:—\/E)LTA,CﬁP_gs(szym%h)
+ g2mpasp (A?Co(ngy my,. my,)

+ Pss(my,. m2Q3)>]

3
13 22
+ 582mp2c2p 21: |:3Pss(mQ,., mop,)

i=

+ Pss(m3,. mi,.)] (E.13)
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E.4.3 Higgs self-energy corrections

The sfermion contribution to the derivative of the Higgs self-
energy (with respect to momentum) is

K_l(n/f,)Z(O) = =3y A7sEB'(0; mY,. my,). (E.14)

E.4.4 Corrections to masses

3

_ 2 -
K la.f'm%R D gg)z,szy Z |:Pgs(m2Qi, mZQI,)
i=1

+ 8Pgs(my,. mp,) + 2Pss(mp, . mp,)

+3Pgs(mj,.m],) + 6Pss(my, . m%;)}

(E.15)

3
K—lafszg D Zg%szz Z |:3PSS(’"2Q,- s szl_)
i=1

+ Pss(m3,, mi,.)]. (E.16)

References

1. B. Henning, X. Lu, H. Murayama, How to use the standard model
effective field theory. JHEP 01, 023 (2016). arXiv:1412.1837 [hep-
ph]

2. A. Drozd, J. Ellis, J. Quevillon, T. You, The universal one-loop
effective action. JHEP 03, 180 (2016). arXiv:1512.03003 [hep-ph]

3. FE del Aguila, Z. Kunszt, J. Santiago, One-loop effective
lagrangians after matching. Eur. Phys. J. C 76(5), 244 (2016).
arXiv:1602.00126 [hep-ph]

4. M. Boggia, R. Gomez-Ambrosio, G. Passarino, Low energy
behaviour of standard model extensions. JHEP 05, 162 (2016).
arXiv:1603.03660 [hep-ph]

5. B. Henning, X. Lu, H. Murayama, One-loop matching and run-
ning with covariant derivative expansion. JHEP 01, 123 (2018).
arXiv:1604.01019 [hep-ph]

6. S.AR. Ellis, J. Quevillon, T. You, Z. Zhang, Mixed heavy-light
matching in the universal one-loop effective action. Phys. Lett. B
762, 166-176 (2016). arXiv:1604.02445 [hep-ph]

7. J. Fuentes-Martin, J. Portoles, P. Ruiz-Femenia, Integrating out
heavy particles with functional methods: a simplified framework.
JHEP 09, 156 (2016). arXiv:1607.02142 [hep-ph]

8. Z. Zhang, Covariant diagrams for one-loop matching. JHEP 05,
152 (2017). arXiv:1610.00710 [hep-ph]

9. S.A.R. Ellis, J. Quevillon, T. You, Z. Zhang, Extending the univer-
sal one-loop effective action: heavy-light coefficients. JHEP 08,
054 (2017). arXiv:1706.07765 [hep-ph]

10. B. Summ, A. Voigt, Extending the universal one-loop effective
action by regularization scheme translating operators. JHEP 08,
026 (2018). arXiv:1806.05171 [hep-ph]

11. S. Das Bakshi, J. Chakrabortty, S. K. Patra, CoDEx: Wilson coef-
ficient calculator connecting SMEFT to UV theory. Eur. Phys. J. C
79(1), 21 (2019). arXiv:1808.04403 [hep-ph]


http://arxiv.org/abs/1412.1837
http://arxiv.org/abs/1512.03003
http://arxiv.org/abs/1602.00126
http://arxiv.org/abs/1603.03660
http://arxiv.org/abs/1604.01019
http://arxiv.org/abs/1604.02445
http://arxiv.org/abs/1607.02142
http://arxiv.org/abs/1610.00710
http://arxiv.org/abs/1706.07765
http://arxiv.org/abs/1806.05171
http://arxiv.org/abs/1808.04403

Eur. Phys. J. C (2019) 79:669

Page 33 of 34 669

12.

13.

15.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

N. Arkani-Hamed, S. Dimopoulos, Supersymmetric unification
without low energy supersymmetry and signatures for fine-tuning
at the LHC. JHEP 06, 073 (2005). arXiv:hep-th/0405159 [hep-th]
G.F. Giudice, A. Romanino, Split supersymmetry. Nucl. Phys. B
699, 65-89 (2004). arXiv:hep-ph/0406088 [hep-ph]. (Erratum:
Nucl. Phys. B 706, 487(2005))

N. Arkani-Hamed, S. Dimopoulos, G.F. Giudice, A. Romanino,
Aspects of split supersymmetry. Nucl. Phys. B 709, 3—46 (2005).
arXiv:hep-ph/0409232 [hep-ph]

G.F. Giudice, A. Strumia, Probing high-scale and split supersym-
metry with Higgs mass measurements. Nucl. Phys. B 858, 63-83
(2012). arXiv:1108.6077 [hep-ph]

A. Arvanitaki, N. Craig, S. Dimopoulos, G. Villadoro, Mini-split.
JHEP 02, 126 (2013). arXiv:1210.0555 [hep-ph]

L.J. Hall, Y. Nomura, A finely-predicted Higgs Boson mass from
a finely-tuned weak scale. JHEP 03, 076 (2010). arXiv:0910.2235
[hep-ph]

G. Degrassi, S. Di Vita, J. Elias-Miro, J.R. Espinosa, G.F. Giudice,
G. Isidori, A. Strumia, Higgs mass and vacuum stability in the
standard model at NNLO. JHEP 08, 098 (2012). arXiv:1205.6497
[hep-ph]

D. Buttazzo, G. Degrassi, P.P. Giardino, G.F. Giudice, F. Sala, A.
Salvio, A. Strumia, Investigating the near-criticality of the Higgs
Boson. JHEP 12, 089 (2013). arXiv:1307.3536 [hep-ph]

E. Bagnaschi, G.F. Giudice, P. Slavich, A. Strumia, Higgs mass and
unnatural supersymmetry. JHEP 09, 092 (2014). arXiv:1407.4081
[hep-ph]

K. Benakli, L. Darmé, M.D. Goodsell, P. Slavich, A fake split super-
symmetry model for the 126 GeV Higgs. JHEP 05, 113 (2014).
arXiv:1312.5220 [hep-ph]

K. Benakli, L. Darmé, M.D. Goodsell, (O)Mega split. JHEP 11,
100 (2015). arXiv:1508.02534 [hep-ph]

H.E. Haber, R. Hempfling, The renormalization group improved
Higgs sector of the minimal supersymmetric model. Phys. Rev. D
48, 42804309 (1993). arXiv:hep-ph/9307201 [hep-ph]

G. Lee, C.E.M. Wagner, Higgs Bosons in heavy supersymmetry
with an intermediate my4. Phys. Rev. D 92(7), 075032 (2015).
arXiv:1508.00576 [hep-ph]

E. Bagnaschi, F. Briimmer, W. Buchmiiller, A. Voigt, G. Weiglein,
Vacuum stability and supersymmetry at high scales with two Higgs
doublets. JHEP 03, 158 (2016). arXiv:1512.07761 [hep-ph]

K. Benakli, M.D. Goodsell, S.L. Williamson, Higgs alignment
from extended supersymmetry. Eur. Phys. J. C 78(8), 658 (2018).
arXiv:1801.08849 [hep-ph]

H. Bahl, W. Hollik, Precise prediction of the MSSM Higgs boson
masses for low M 4. JHEP 07, 182 (2018). arXiv:1805.00867 [hep-
ph]

M.E. Machacek, M.T. Vaughn, Two loop renormalization group
equations in a general quantum field theory. 1. Wave function renor-
malization. Nucl. Phys. B 222, 83-103 (1983)

M.E. Machacek, M.T. Vaughn, Two loop renormalization group
equations in a general quantum field theory. 2. Yukawa couplings.
Nucl. Phys. B 236, 221-232 (1984)

M.E. Machacek, M.T. Vaughn, Two loop renormalization group
equations in a general quantum field theory. 3. Scalar quartic cou-
plings. Nucl. Phys. B 249, 70-92 (1985)

M.-X. Luo, H.-W. Wang, Y. Xiao, Two loop renormalization group
equations in general gauge field theories. Phys. Rev. D 67, 065019
(2003). arXiv:hep-ph/0211440 [hep-ph]

M. Sperling, D. Stockinger, A. Voigt, Renormalization of vacuum
expectation values in spontaneously broken gauge theories. JHEP
07, 132 (2013). arXiv:1305.1548 [hep-ph]

M. Sperling, D. Stockinger, A. Voigt, Renormalization of vacuum
expectation values in spontaneously broken gauge theories: two-
loop results. JHEP 01, 068 (2014). arXiv:1310.7629 [hep-ph]

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

A.V. Bednyakov, On three-loop RGE for the Higgs sector of
2HDM. JHEP 1811, 154 (2018). arXiv:1809.04527 [hep-ph]

I. Schienbein, F. Staub, T. Steudtner, K. Svirina, Revisiting
RGEs for general gauge theories. Nucl. Phys. B 939, 1 (2019).
arXiv:1809.06797 [hep-ph]

F. Staub, SARAH. arXiv:0806.0538 [hep-ph]

F. Staub, SARAH 3.2: Dirac Gauginos, UFO output, and
more. Comput. Phys. Commun. 184, 1792-1809 (2013).
arXiv:1207.0906 [hep-ph]

F. Staub, SARAH 4: a tool for (not only SUSY) model
builders. Comput. Phys. Commun. 185, 1773-1790 (2014).
arXiv:1309.7223 [hep-ph]

F. Staub, Exploring new models in all detail with SARAH. Adv.
High Energy Phys. 2015, 840780 (2015). arXiv:1503.04200 [hep-
ph]

F. Lyonnet, I. Schienbein, F. Staub, A. Wingerter, PyR @TE: renor-
malization group equations for general gauge theories. Comput.
Phys. Commun. 185, 1130-1152 (2014). arXiv:1309.7030 [hep-
phl

F. Lyonnet, I. Schienbein, PyR @TE 2: a python tool for computing
RGE:s at two-loop. Comput. Phys. Commun. 213, 181-196 (2017).
arXiv:1608.07274 [hep-ph]

S.P. Martin, D.G. Robertson, Higgs Boson mass in the standard
model at two-loop order and beyond. Phys. Rev. D 90(7), 073010
(2014). arXiv:1407.4336 [hep-ph]

B.A. Kniehl, A.F. Pikelner, O.L. Veretin, Two-loop electroweak
threshold corrections in the standard model. Nucl. Phys. B 896,
19-51 (2015). arXiv:1503.02138 [hep-ph]

B.A. Kniehl, A F. Pikelner, O.L. Veretin, mr: a C++ library for the
matching and running of the standard model parameters. Comput.
Phys. Commun. 206, 84-96 (2016). arXiv:1601.08143 [hep-ph]
M.D. Goodsell, K. Nickel, F. Staub, Two-loop Higgs mass calcula-
tions in supersymmetric models beyond the MSSM with SARAH
and SPheno. Eur. Phys. J. C 75(1), 32 (2015). arXiv:1411.0675
[hep-ph]

M. Goodsell, K. Nickel, F. Staub, Generic two-loop Higgs mass
calculation from a diagrammatic approach. Eur. Phys. J. C 75(6),
290 (2015). arXiv:1503.03098 [hep-ph]

J. Braathen, M.D. Goodsell, F. Staub, Supersymmetric and non-
supersymmetric models without catastrophic Goldstone Bosons.
Eur. Phys. J. C77(11), 757 (2017). arXiv:1706.05372 [hep-ph]

P. Draper, G. Lee, C.E.M. Wagner, Precise estimates of the Higgs
mass in heavy supersymmetry. Phys. Rev. D 89(5), 055023 (2014).
arXiv:1312.5743 [hep-ph]

J. Pardo Vega, G. Villadoro, SusyHD: Higgs mass determination in
supersymmetry. JHEP 07, 159 (2015). arXiv:1504.05200 [hep-ph]
E. Bagnaschi, J. Pardo Vega, P. Slavich, Improved determination of
the Higgs mass in the MSSM with heavy superpartners. Eur. Phys.
J. C77(5), 334 (2017). arXiv:1703.08166 [hep-ph]

R.V. Harlander, J. Klappert, A.D. Ochoa Franco, A. Voigt, The
light CP-even MSSM Higgs mass resummed to fourth logarithmic
order. arXiv:1807.03509 [hep-ph]

P. Athron, M. Bach, D. Harries, T. Kwasnitza, J.-H. Park, D.
Stockinger, A. Voigt, J. Ziebell, FlexibleSUSY 2.0: extensions to
investigate the phenomenology of SUSY and non-SUSY models.
Comput. Phys. Commun. 230, 145-217 (2018). arXiv:1710.03760
[hep-ph]

T. Hahn, S. Heinemeyer, W. Hollik, H. Rzehak, G. Weiglein, High-
precision predictions for the light CP-even Higgs boson mass of the
minimal supersymmetric standard model. Phys. Rev. Lett. 112(14),
141801 (2014). arXiv:1312.4937 [hep-ph]

H. Bahl, W. Hollik, Precise prediction for the light MSSM Higgs
Boson mass combining effective field theory and fixed-order cal-
culations. Eur. Phys. J. C 76(9), 499 (2016). arXiv:1608.01880
[hep-ph]

@ Springer


http://arxiv.org/abs/hep-th/0405159
http://arxiv.org/abs/hep-ph/0406088
http://arxiv.org/abs/hep-ph/0409232
http://arxiv.org/abs/1108.6077
http://arxiv.org/abs/1210.0555
http://arxiv.org/abs/0910.2235
http://arxiv.org/abs/1205.6497
http://arxiv.org/abs/1307.3536
http://arxiv.org/abs/1407.4081
http://arxiv.org/abs/1312.5220
http://arxiv.org/abs/1508.02534
http://arxiv.org/abs/hep-ph/9307201
http://arxiv.org/abs/1508.00576
http://arxiv.org/abs/1512.07761
http://arxiv.org/abs/1801.08849
http://arxiv.org/abs/1805.00867
http://arxiv.org/abs/hep-ph/0211440
http://arxiv.org/abs/1305.1548
http://arxiv.org/abs/1310.7629
http://arxiv.org/abs/1809.04527
http://arxiv.org/abs/1809.06797
http://arxiv.org/abs/0806.0538
http://arxiv.org/abs/1207.0906
http://arxiv.org/abs/1309.7223
http://arxiv.org/abs/1503.04200
http://arxiv.org/abs/1309.7030
http://arxiv.org/abs/1608.07274
http://arxiv.org/abs/1407.4336
http://arxiv.org/abs/1503.02138
http://arxiv.org/abs/1601.08143
http://arxiv.org/abs/1411.0675
http://arxiv.org/abs/1503.03098
http://arxiv.org/abs/1706.05372
http://arxiv.org/abs/1312.5743
http://arxiv.org/abs/1504.05200
http://arxiv.org/abs/1703.08166
http://arxiv.org/abs/1807.03509
http://arxiv.org/abs/1710.03760
http://arxiv.org/abs/1312.4937
http://arxiv.org/abs/1608.01880

669 Page 34 of 34

Eur. Phys. J. C (2019) 79:669

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

H. Bahl, S. Heinemeyer, W. Hollik, G. Weiglein, Reconciling EFT
and hybrid calculations of the light MSSM Higgs-Boson mass. Eur.
Phys. J. C 78(1), 57 (2018). arXiv:1706.00346 [hep-ph]

P. Athron, J.-H. Park, T. Steudtner, D. Stockinger, A. Voigt, Precise
Higgs mass calculations in (non-)minimal supersymmetry at both
high and low scales. JHEP 01, 079 (2017). arXiv:1609.00371 [hep-
ph]

F. Staub, W. Porod, Improved predictions for intermediate and
heavy supersymmetry in the MSSM and beyond. Eur. Phys. J. C
77(5), 338 (2017). arXiv:1703.03267 [hep-ph]

J.C. Criado, MatchingTools: a python library for symbolic effec-
tive field theory calculations. Comput. Phys. Commun. 227, 42-50
(2018). arXiv:1710.06445 [hep-ph]

J. Braathen, M.D. Goodsell, M.E. Krauss, T. Opferkuch, F. Staub,
N-loop running should be combined with N-loop matching. Phys.
Rev. D 97(1), 015011 (2018). arXiv:1711.08460 [hep-ph]

J.D. Wells, Z. Zhang, Effective field theory approach to trans-TeV
supersymmetry: covariant matching. Yukawa unification and Higgs
couplings. JHEP 05, 182 (2018). arXiv:1711.04774 [hep-ph]

G. Veneziano, Trilinear coupling of scalar Bosons in the small mass
limit. Nucl. Phys. B 44, 142-148 (1972)

M.D. Goodsell, F. Staub, Unitarity constraints on general scalar
couplings with SARAH. Eur. Phys. J. C 78(8), 649 (2018).
arXiv:1805.07306 [hep-ph]

J.E. Camargo-Molina, A.P. Morais, R. Pasechnik, M.O.P. Sampaio,
J. Wessén, All one-loop scalar vertices in the effective potential
approach. JHEP 08, 073 (2016). arXiv:1606.07069 [hep-ph]

S.P. Martin, M.T. Vaughn, Regularization dependence of running
couplings in softly broken supersymmetry. Phys. Lett. B 318, 331-
337 (1993). arXiv:hep-ph/9308222 [hep-ph]

A. Denner, G. Weiglein, S. Dittmaier, Application of the back-
ground field method to the electroweak standard model. Nucl. Phys.
B 440, 95-128 (1995). arXiv:hep-ph/9410338 [hep-ph]

@ Springer

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

M. Bohm, H. Spiesberger, W. Hollik, On the one loop renormal-
ization of the electroweak standard model and its application to
leptonic processes. Fortschr. Phys. 34, 687-751 (1986)

G. Belanger, F. Boudjema, J. Fujimoto, T. Ishikawa, T. Kaneko,
K. Kato, Y. Shimizu, Automatic calculations in high energy
physics and Grace at one-loop. Phys. Rep. 430, 117-209 (2006).
arXiv:hep-ph/0308080 [hep-ph]

D.M. Pierce, J.A. Bagger, K.T. Matchev, R.-J. Zhang, Precision
corrections in the minimal supersymmetric standard model. Nucl.
Phys. B 491, 3-67 (1997). arXiv:hep-ph/9606211 [hep-ph]

K. Benakli, L. Darmé, M.D. Goodsell, J. Harz, The di-photon
excess in a perturbative SUSY model. Nucl. Phys. B 911, 127-
162 (2016). arXiv:1605.05313 [hep-ph]

S.P. Martin, Fermion self-energies and pole masses at two-loop
order in a general renormalizable theory with massless gauge
Bosons. Phys. Rev. D 72, 096008 (2005). arXiv:hep-ph/0509115
[hep-ph]

S.P. Martin, Taming the Goldstone contributions to the effective
potential. Phys. Rev. D 90(1), 016013 (2014). arXiv:1406.2355
[hep-ph]

J. Elias-Miro, J.R. Espinosa, T. Konstandin, Taming infrared
divergences in the effective potential. JHEP 08, 034 (2014).
arXiv:1406.2652 [hep-ph]

J. Braathen, M.D. Goodsell, Avoiding the Goldstone Boson Catas-
trophe in general renormalisable field theories at two loops. JHEP
12, 056 (2016). arXiv:1609.06977 [hep-ph]

S.P. Martin, Two loop scalar self energies in a general renormaliz-
able theory at leading order in gauge couplings. Phys. Rev. D 70,
016005 (2004). arXiv:hep-ph/0312092 [hep-ph]

S.P. Martin, Evaluation of two loop selfenergy basis integrals
using differential equations. Phys. Rev. D 68, 075002 (2003).
arXiv:hep-ph/0307101 [hep-ph]


http://arxiv.org/abs/1706.00346
http://arxiv.org/abs/1609.00371
http://arxiv.org/abs/1703.03267
http://arxiv.org/abs/1710.06445
http://arxiv.org/abs/1711.08460
http://arxiv.org/abs/1711.04774
http://arxiv.org/abs/1805.07306
http://arxiv.org/abs/1606.07069
http://arxiv.org/abs/hep-ph/9308222
http://arxiv.org/abs/hep-ph/9410338
http://arxiv.org/abs/hep-ph/0308080
http://arxiv.org/abs/hep-ph/9606211
http://arxiv.org/abs/1605.05313
http://arxiv.org/abs/hep-ph/0509115
http://arxiv.org/abs/1406.2355
http://arxiv.org/abs/1406.2652
http://arxiv.org/abs/1609.06977
http://arxiv.org/abs/hep-ph/0312092
http://arxiv.org/abs/hep-ph/0307101

	Matching renormalisable couplings: simple schemes and a plot
	Abstract 
	1 Introduction
	2 Deriving the matching conditions
	2.1 Diagrammatic
	2.2 Effective action: path integral approach
	2.3 Effective action: equations of motion method
	3 Mixing and matching
	3.1 Infra-red safety
	3.2 Mixing
	3.3 Gauge dependence
	3.4 Trilinear couplings and higher-dimensional  operators
	3.4.1 Higher-dimensional operators in a toy  model
	3.4.2 Discussion of the dimension-5 operator for a general theory
	3.4.3 Discussion of the dimension-6 operator for a general theory

	4 Non-minimal counterterm approach


	5 Comparison with the pole matching approach
	5.1 Efficient computation of the matching
	6 Examples
	6.1 Pole matching in the MSSM
	6.2 Dirac gauginos

	7 Comparing two approaches to mixing-angle renormalisation
	7.1 ``Perturbative masses'' approach
	7.2 ``Non-minimal counterterm'' approach
	7.3 Numerical example

	8 Threshold corrections to Yukawa couplings
	9 Outlook

	Acknowledgements

	A Conventions and loop functions
	A.1 One-loop functions
	A.2 Infra-red safe loop functions

	B One-loop threshold corrections
	B.1 Two-point couplings
	B.1.1 Scalar self-energies
	B.1.2 Fermion self-energies
	B.1.3 Gauge-boson self-energies

	B.2 Three-point couplings
	B.2.1 Scalar couplings
	B.2.2 Yukawa couplings

	B.3 Four-point couplings
	C Cancellation of infra-red divergences
	C.1 Absence of IR divergences from massless  fermions
	D Threshold corrections to the electroweak gauge  couplings
	E Dirac gaugino contributions
	E.1 Corrections to the singlet tadpole
	E.2 Contributions from Higgs and S/T scalars
	E.2.1 Corrections to the Higgs quartic  coupling
	E.2.2 Corrections to cubics
	E.2.3 Self-energy correction
	E.2.4 Corrections to masses

	E.3 Contributions from fermions
	E.3.1 Corrections to the Higgs quartic  coupling
	E.3.2 Self-energies and cubic terms

	E.4 Contributions from sfermions
	E.4.1 Corrections to the Higgs quartic coupling
	E.4.2 Corrections to cubics
	E.4.3 Higgs self-energy corrections
	E.4.4 Corrections to masses

	References









