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ABSTRACT: Dismissing traditional naturalness concerns while embracing the Higgs boson
mass measurement and unification motivates careful analysis of trans-TeV supersymmetric
theories. We take an effective field theory (EFT) approach, matching the Minimal Super-
symmetric Standard Model (MSSM) onto the Standard Model (SM) EFT by integrating
out heavy superpartners, and evolving MSSM and SMEFT parameters according to renor-
malization group equations in each regime. Our matching calculation is facilitated by
the recent covariant diagrams formulation of functional matching techniques, with the full
one-loop SUSY threshold corrections encoded in just 30 diagrams. Requiring consistent
matching onto the SMEFT with its parameters (those in the Higgs potential in partic-
ular) measured at low energies, and in addition requiring unification of bottom and tau
Yukawa couplings at the scale of gauge coupling unification, we detail the solution space
of superpartner masses from the TeV scale to well above. We also provide detailed views
of parameter space where Higgs coupling measurements have probing capability at future
colliders beyond the reach of direct superpartner searches at the LHC.
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1 Introduction

The lack of new physics discoveries at the LHC has led us to consider the possibility that
beyond Standard Model (BSM) states responsible for solving the outstanding problems
in particle physics, e.g. unification and dark matter, are much heavier than the weak
scale. In this scenario, weak-scale phenomenology can be conveniently described by an
effective field theory (EFT). With heavy new particles integrated out, their virtual effects



are encoded in higher-dimensional effective operators involving the light Standard Model
(SM) fields. Recent years have seen a growing EFT literature, many of which aim to
carefully examine phenomenological impact of higher-dimensional operators; see e.g. [1-3]
for reviews. Experimental data have put constraints on many of these operators, which
can be translated into constraints on, e.g. masses and couplings of heavy new particles,
once the BSM theory is specified.

On the other hand, the usefulness of EF'T approaches to BSM physics extends beyond
bottom-up studies. From a top-down perspective, we may be interested to ask whether
some attractive speculative ideas — supersymmetry (SUSY), unification, etc. — can be
realized in specific BSM setups, while being consistent with the SMEFT we have estab-
lished at low energy. To address such questions requires careful matching between the
full theory and EFT parameters across heavy particle thresholds. In particular, in addi-
tion to higher-dimensional operators being generated, changes in renormalizable operator
coefficients across thresholds are often important to account for. These “threshold correc-
tions” are invisible to low-energy experiment, but may be crucial for answering questions
regarding high-scale physics, like the one on SUSY and unification posed above.

For example, in the context of the Minimal Supersymmetric Standard Model (MSSM),
we would like to know what regions of parameter space can realize unification of not only the
three gauge couplings, but also the bottom and tau Yukawa couplings, and meanwhile allow
consistent matching onto the SMEFT with its parameters (those in the Higgs potential in
particular) measured at low energy. Further, we would like to know what phenomenological
implications, if any, such parameter choices may have.

These are questions we would like to investigate in this paper, taking a top-down
EFT approach. We will compute the full one-loop contributions to the SM renormalizable
operators when heavy BSM states in the MSSM are integrated out, from which SUSY
threshold corrections to all SM parameters can be easily obtained. As we will see, threshold
corrections to the bottom Yukawa and Higgs quartic couplings are of particular importance
for achieving both b-7 Yukawa unification and consistent matching onto the SMEFT.

In this calculation, we find solutions for SUSY scales from TeV up to 10'° GeV. How-
ever, only the lower edge of this broad trans-TeV window can be within experimental reach.
Given the further motivation of a dark matter candidate, we will take a closer look at the
1-10 TeV regime. In particular, we will extend our one-loop matching calculation to the
dimension-six level, and obtain parametrically enhanced contributions to the operators af-
fecting hbb and hr+7~ couplings, which can dominate over tree-level effects. We will show
how precision Higgs measurements constitute a powerful indirect probe of TeV-scale SUSY
with b-7 Yukawa unification that is complementary to direct superpartner searches.

We note that while the full one-loop SUSY threshold corrections (as well as sparticle
mass corrections) in the MSSM have been known for some time [4], growing interest in
EFT formulations of the calculation is quite recent (see e.g. [5-11]). This is of course
largely due to higher-scale SUSY having been less attractive from the fine-tuning point
of view. Here we shall adopt the perspective that the weak scale may indeed be fine-
tuned to some degree, with new particles in the trans-TeV regime, justifying an EFT
treatment. In this case, the MSSM still exhibits several attractive features, including



gauge and Yukawa coupling unification as mentioned above, and may also provide a dark
matter candidate. Our philosophy here is in line with earlier studies in [12, 13] on Yukawa
unification with heavy superpartners. In particular, the capability of unification and dark
matter requirements to severely constrain the SUSY parameter space has been recently
emphasized in [13].

A new ingredient of our work is that, instead of computing low-energy observables
such as SM particle masses and the Fermi constant, we obtain SUSY threshold corrections
directly from the path integral by taking advantage of functional matching techniques,
which have attracted much attention and undergone interesting developments recently [14—
23] (see also [24-28]). Such techniques can greatly simplify EFT matching calculations,
thanks to preservation of gauge covariance and exhibition of a universal structure [18, 20,
23]. In [22], a concise diagrammatic formulation of functional matching at one-loop level
was obtained: the low-energy effective Lagrangian directly derives from a sum of “covariant
diagrams,” following a set of simple rules. This approach is general enough to overcome
several limitations of previous formulations, and so will be used here.

From the technical point of view, our calculation also serves as a nontrivial test case
for the covariant diagrams technique. It also further demonstrates the simplicity of the
approach. In particular, with just 30 covariant diagrams, we are able to obtain full one-loop
SUSY threshold corrections in agreement with existing results in the literature.

The paper is organized as follows. In section 2, we give a general overview of EFT
approach to BSM physics. In particular, we aim to present a concise and cogent review of
functional matching and covariant diagrams, for readers unfamiliar with such techniques
to quickly grasp the essentials.

Starting from section 3, we focus on the specific case of the MSSM. We first present
an analytical calculation of matching the MSSM onto the SMEFT. Next, sections 4 and 5
are dedicated to numerical analyses of implications of b-7 Yukawa unification on the SUSY
spectrum and Higgs couplings. Finally, we conclude in section 6.

Given the considerable length and technicality of the paper, let us reiterate the physics
motivation and summarize the main results before delving into the details.

e The primary goal of this paper is to demonstrate a top-down EFT approach to a well-
motivated BSM theory, the MSSM, and provide an updated view of its parameter
space, in light of recent LHC results (discovery of the Higgs boson and null results
in superpartner searches) and future opportunities of precision Higgs measurements.
More generally, we hope to set up a template of using EFT techniques to gain insights
on BSM physics, which is becoming ever more important in the absence of weak scale
new physics discoveries.

e The EFT approach we take offers several benefits. First of all, RG evolution between
the SUSY scale and the weak scale resums large logarithms of log(Msusy/mw),
thus improving the accuracy of weak scale calculations. Meanwhile, the matching
and running procedure separates the study of MSSM phenomenology into different
modules, allowing us to use known results in each module (e.g. RG equations in the
SM and the MSSM, and calculation of weak scale observables from SM parameters).



Finally, top-down EFT studies like the one we present here can be easily interfaced
with bottom-up EFT results, such as projected sensitivities of Higgs couplings in
terms of SMEF'T coefficients, to gain information on the full theory parameter space.

e A major physics question we investigate is b-7 Yukawa unification. In the SM, the
bottom and tau Yukawa couplings do not unify at the scale of Grand Unified Theories
(GUTSs), unless there are unexpectedly large (~60%) GUT threshold corrections.
In contrast, b-7 Yukawa unification is easily achievable in the MSSM, because the
presence of superpartners modifies the running of Yukawa couplings above the SUSY
threshold, as well as adding to the couplings a finite threshold correction when the
MSSM is matched onto the SMEFT. We work out these modifications explicitly, and
map out the MSSM parameter space consistent with b-7 Yukawa unification and weak
scale observations by imposing UV and IR boundary conditions for the RG evolution.
As we will see, the key ingredients are a sizable SUSY threshold correction for the
bottom Yukawa, and the right amount of SUSY threshold correction for the Higgs
quartic in order to reproduce the SM-like Higgs mass at low energy (which in the
non-EFT calculation would be phrased as raising the SM Higgs mass to 125 GeV via
SUSY loop corrections).

e Another important issue we address is how precision Higgs measurements can provide
indirect information about TeV-scale SUSY, complementary to direct superpartner
searches. Interestingly, when superpartner masses are raised beyond direct LHC
reach, hbb and ht+7~ coupling modifications do not decouple (and may even in-
crease) if the heavy Higgs mass is held fixed. This can be understood from the mass
dependence of dimension-six operator coefficients in the SMEFT, and involves inter-
play between tree level and tan S enhanced one-loop level contributions, which we
discuss in detail.

2 Overview of EFT approach to BSM physics

2.1 EFT matching, threshold corrections and observables

Consider a general BSM theory whose Lagrangian has the following form,

L [eBsm, psm] = Lsmpsm| + LBsMm[PBSM, PSM] - (2.1)

Here @gnm, ¢Bsm collectively denote fields within and beyond the SM, respectively. The
SM part of the Lagrangian reads

£ 1 v 1 v 1 v
Lom = [Dugl®+ > filf— ZGgVGA# — ngwaﬂ — BB
f=qu,d,le

—m[¢> = NG| — (Vuyu g€+ Payathg  &* +Yeye - ¢" +he), (2.2)

where € = io?, and dots denote SU(2), index contractions. )  are four-component spinors
containing the SM chiral fermions f, e.g. ¥y = (q4,0), ¥y = (0,u'%), etc. Here and in the
following, we use boldface, e.g. Y, Yd, Ye, for 3 X 3 matrices in generation space.



The EFT approach applies when the BSM fields ¢pgy are much heavier than the SM
weak scale. In this case, integrating out @psy from the path integral results in a local
effective Lagrangian for pgnm,

/ [Dgpsa][Dipsn] e’/ 4 (EsmtLosm) — / [Dgpgn] e 4% (Es3+L s +Lia=s)+Lia=o) )

= / [Dpsy] e/ 4% £smmer (2.3)

As implied in the equation above, this procedure of matching £ onto LgmerT generally
produces extra renormalizable (d < 4) pieces in the EFT Lagrangian, in addition to Lg
that already exists in the full theory. However, they can be absorbed into Lg\ via proper
redefinitions of fields and couplings and thus do not have observable consequences at low

energy. To be explicit, let us write

Lig<ay = 0Z4|Dudl> + Y by 8ZypilPiy
f=qu,dl,e

1 1 1 y
— 026G, G — 282w W, W — 262 By, B
+om?|g|* + 5A[p[*

+(1;Z_)u 6yu Q;Z)q t€- ¢ + 7!_}51 6yd Q;Z)q : ¢* + '(Z}e 6ye '(/)l : ¢* + h'C') . (2'4)

Rescaling the SM fields to retain canonical normalization of their kinetic terms (up to
terms of second order or higher in the §Z’s'),

Psm = (1 + ;5Z¢SM>¢SM : (2.5)
and defining effective parameters as follows,
65" = g (1—;526:), geﬂzg(l—;ézvv), g =g <1—;5ZB),
mg = m? (1 —6Zy) —0m*,  dep=A(1—257,) — 0\,
yzﬁ = Yy — OYy — %(yu 0Zq+0ZyYu~+YudZy),
Yy = yq — dya — %(yd 0Zq+0Zgyq+Yadzy),

1
yzﬁ = Ye — 0Ye — §(ye 0Zy+0ZcYe +Ye 624), (26)
we obtain
. i Laa s _ L BB
cSMEFT — ‘Du¢|2 _|_ Z fq/mf — ZG;?VGA#V — ZW,L{VWI'MV — ZB/J,I/B#V
f:q7u7d7lve

_mgff|€5|2_)\eff|$|4_ (J}u yzﬁ T;Z;q c € QZ;+1Zd y(eiﬁ T/A)q : (ZAS*—F?ZJE yfff 1[11 . qg* + hC)

+ ﬁ(d:5) + E(d:(i) + ..., (27)

'Here 0Z sy is understood as the matrix 6 Zf for psm = f, which is symmetric in generation space as
required by hermiticity of the Lagrangian.



where
D,=0,—- z'ggff tAGf —igf tIVAVJ — z'g'eﬂr YB% , (2.8)
with ¢4, t/ being the SU(3). and SU(2), generators in the corresponding representation.

We see that while the renormalizable part of LgygrpT contains the same operators as
the Lgn part of the full theory Lagrangian, their coefficients, i.e. the parameters labeled
by “eff” whose values we can extract from experiment, are generally different from their
counterparts in the full theory. These differences are usually referred to as “threshold cor-
rections,” and are important to take into account when studying higher-energy phenomena
of the full theory, such as unification in the MSSM. It is clear from eq. (2.6) that threshold
corrections are directly related to operator coefficients in the £(4<4) piece generated from
the matching procedure of eq. (2.3).

On the other hand, the non-renormalizable part of LsmgpT, i.€. L'(d:5) + E(d:6) +...,
can cause low-energy observations to deviate from expectations of the renormalizable SM:
L (4—5) contains just one operator which is responsible for non-zero neutrino masses, while
L (4—¢) contains a large number of operators which contribute to e.g. electroweak, Higgs, and
flavor observables. For example, consider the following dimension-six operators (neglecting
differences between pgy and @gn),

Lig=g) D |8* (g Cagp Va) - ¢ + [6]* (¢ Ceg tbe) - ¢ + h.c. (2.9)

After RG evolved down to the weak scale, they affect couplings of the SM Higgs boson to
down-type quarks and leptons, and hence observables like the Higgs boson partial widths.
When fermion masses are used as inputs of the calculation, we have

T(h— ff) = (1+0k)°T(h = ff)sm, (2.10)
with O O
Srp = —— Gy = - (2.11)
Yp Yr

etc. at tree level, where y,‘jﬁ, Chp,re are 33 elements of yfiffe, Cdp,eq, respectively.

Note that Cpy 4 ~ A~2 with A being the scale of new physics being integrated out,
and therefore, the observable BSM effects dry » decouple as 1%22 as A increases. This is in
contrast to the (unobservable) threshold corrections discussed above, which originate from
d < 4 operators and thus do not decouple. We will see in section 4 that in the specific case
of the MSSM with b-7 Yukawa unification, threshold corrections to A and y; are actually
larger for higher SUSY scales.

Meanwhile, in addition to the A power counting, the low-energy EFT is also organized
by a loop counting. Take the calculation of I'(h — bb) for example. Higher order corrections
come from both EFT matching for d > 4 operators (Cpy = C’;gfe + C;(;OOP + ... in the
present case) and loop level Feynman diagrams in the EFT. Generally speaking, when
A is much higher than the weak scale, the only such corrections that are essential to
take into account are the non-decoupling ones from the renormalizable SM loops, namely
corrections to T'(h — bb)sy (see [29-31] for state-of-the-art calculations). An exception
is when O(ﬁ) corrections are parametrically enhanced, e.g. by tan 8 > 1 in the case



of the MSSM. We will see in section 5 that such enhanced contributions to C;;OOP can
dominate over Cg(fe in some regions of the MSSM parameter space, and are therefore
also essential to take into account when making predictions for I'(h — bb) in the EFT. The
results can of course be further refined by computing non-enhanced contributions, and even
higher order terms in both the A~! and loop expansions (see e.g. [32-35]). See also [36-39)

for related discussions on EFT power counting.

2.2 Functional matching and covariant diagrams

We now review the procedure of carrying out the matching calculation of eq. (2.3). The
idea is to derive the EFT Lagrangian as a sum of gauge-invariant operators directly from
the path integral, without computing correlation functions. In particular, we will sketch
the procedure leading to the systematic formulation of covariant diagrams, the details of
which can be found in ref. [22]. This can be viewed as the analog of the procedure of
deriving Feynman rules for correlation functions. However, it should be clear that here we
are taking a different route from the path integral than deriving Feynman rules, which is
in fact a most economic route where we gather just enough information for the purpose of
obtaining the EFT Lagrangian. We shall use a more general notation sy — g (“H”
for “heavy”), psm — ¢ (“L” for “light”), since the applicability of the approach is not
restricted to the specific case of matching decoupled BSM theories onto the SMEFT.

Our goal is to integrate out the heavy fields g in the UV theory path integral, as in
eq. (2.3). At tree (classical) level, the result is given by the stationary point approximation,

Liprler] = Luv(encler],oL] . (2.12)

where ¢p c[¢r] is a local operator expansion that solves the classical equations of motion

for pp,
0Luv

don

=0. (2.13)
PH=®%H,c
Moving on to one-loop level, we take into account the leading quantum corrections
using the background field method,

o = @uclerpyl + €, vL=vLn+ ¢, (2.14)

= Luvlew, eL] + Joer = Lov([emclerpl L] + Joerp (2.15)

1

/
- 5( o) Quvlenclern), oL (iﬁ) +O0(¢"?).
L

Up to this order in the quantum fluctuation fields ¢'; ;, the path integral is Gaussian, and
evaluates to the functional determinant of the quadratic operator Quy. This is in fact the
familiar procedure of computing one-particle-irreducible (1PI) effective actions. Here, since

we have set the background heavy fields to ¢ c[¢r b], which corresponds to setting heavy

_ SLuv

on to zero in the Legendre transform, what we obtain is

P=%b

fields’ currents Jyg =



the one-light-particle-irreducible (1LPI) effective action,

Fi‘}{}i’}’ [orp] = ics logdet Quv [@r.cler bl ¢rb]

d
= icsTr log Quy = ics/ddx/ (;iﬂ(id tr log QUV|PM_>PM_qM , (2.16)
where ¢, is a spin factor, e.g. ¢s = § (—3) for real scalars and vectors (Weyl fermions). The
last equation follows from evaluating the spacetime part of the functional trace, and the
remaining “tr” is over internal degrees of freedom only. We have introduced the notation
P, =iD,, understood to be acting on everything to the right (so that (D,¢) = —i [Py, ¢,
etc.). A convenient feature of P, is that it is a hermitian operator,

(...AP,B...) = ...Bl(~iD)Al... = ... BtP,Al ... (2.17)

We would like to derive EE%OTOP from Fi‘%(\),p. The fact that [ddx Egga?p[ch] #

Fi’%‘\),p[gp 1] has caused some confusion in the previous literature on the capability of func-

tional methods to compute EIE%OTOP. However, as argued in [21] and proved in [22], there is
actually a simple relation between the two quantities,

/ 'z L lor] = T 0w ler) (2.18)

hard '
where “hard” means taking the hard region contribution to the loop integral. Technically,
using dimensional regularization, one simply expands the integrand for |¢?| ~ m?o g > miL
(with ¢ being the loop momentum) before integrating over the full momentum space.?
The physical intuition of eq. (2.18) is the following. With an integral over the full
diq
(2m)d
fluctuations at all scales in the UV theory (when used at classical level). It is non-local in

momentum space [ as in eq. (2.16), the 1LPT effective action Fi'lg(\)/p encodes quantum

general due to long-distance contributions. By taking the hard region contribution as in

eq. (2.18), we essentially extract short-distance information from Fi’l{}%p, manifest as local
. . 1-loop 7
effective operators in EEFT .
Combining eqgs. (2.16) and (2.18), we have
d%q
Loop =ic tr/ [10 } . 2.19
BET [SOL] ° (27T)d & QUV|P”_>P”_Q“ expand for ‘qz‘NmiH>>‘miL ( )

We would like to perform the expansion in a gauge-covariant way, without separating
the P,’s contained in Quy into partial derivatives and gauge fields. In other words, we
would like to perform a covariant derivative expansion (CDE), which automatically ensures
gauge invariance of the final result. To begin with, we assume the following general (gauge-
covariant) form for the quadratic operator,

Quv = K[Py;my,,my, | + Xp, Pl , (2.20)

2Correspondingly, the soft region contribution is obtained by expanding the integrand for |¢*| ~ mi L <
miH before integrating over the full momentum space. The sum of hard and soft region contributions is
equal to the original integral; see e.g. [40-42].



where K is the diagonal kinetic operator with elements —P? 4+ m? for bosonic fields and
—P + m for fermionic fields,? and

Xy X
Xlp. Pl = | 1 0| = Ulel + 2] + 2] P O(P?) (2.21)

contains interactions among the fields. The expansion and momentum integration in
eq. (2.19) can then be carried out in a general way, in terms of P, and components of
Uly], Z[p] matrices.

The CDE procedure outline above, albeit conceptually simple, can be quite tedious
technically due to the large number of terms produced by the expansion. The idea of
covariant diagrams is to significantly reduce the technical complexity by introducing a
systematic bookkeeping device that collects identical terms. As it turns out, the rules for
using covariant diagrams, as derived in [22], are very simple. We will review some of these
rules in section 2.2.1.

It is worth noting that the philosophy here is quite similar to using Feynman dia-
grams to keep track of the (non-gauge-covariant) expansion of correlation functions. How-
ever, unlike Feynman diagrams, covariant diagrams represent expressions made of covariant
derivatives P, and the light fields ¢, contained in the Ulp], Z[p] matrices (after setting
wH = ¢Hclpr]), which combine into gauge-invariant operators. Therefore, by enumerat-
ing covariant diagrams, we are able to directly obtain all operators generated by one-loop
matching, avoiding the detour of computing correlation functions.

2.2.1 Rules for covariant diagrams

Covariant diagrams consist of propagators and vertex insertions of the form shown in
table 1.* Some of them carry Lorentz indices, which we connect in pairs with dotted lines
to indicate Lorentz contraction. There are different types of vertex insertions, represented
by different symbols. Only two of them, P and U, are shown in the table, which are all we
need for the calculation in this paper.’

Fach covariant diagram drawn this way represents a collection of terms in the CDE of
eq. (2.19) that reads “prefactor-tr O[P,, ¢].” The operator structure O[P,, ¢| is obtained
simply by sequentially reading off each building block according to table 1. The prefactor

3Note that this requires (gp'HT cp'LT) on the left side of Quv in eq. (2.15) should be replaced by a conjugate
field multiplet that contains ¢! and v for complex scalars and fermions, respectively. Also, to have the
right prefactor f% for the quadratic terms, we can represent each complex scalar ¢ by a multiplet (¢, ¢*)T,
and each Dirac fermion 1 by a multiplet (¢, 4°)7.

We are using a slightly different notation than [22]: here we prefer to make the distinction between
bosonic and fermionic propagators more transparent by using different types of lines (dashed vs. solid).
In [22], on the other hand, more emphasis is put on the treatment of heavy vs. light fields, and solid
(dashed) propagators are used for heavy (light) propagators regardless of spin.

®From the CDE procedure summarized above it should be clear that additional types of vertex insertions
include Z, Z' and m,,, insertions. There are only a few nonzero entries of the MSSM Z matrix because of
minimal coupling, none of which contributes to the operators we will calculate. Also, m,,, insertions are
not considered because they lead to terms suppressed by powers of ’X—j compared to those retained in our
results.



Building blocks Bosonic Fermionic
i [ M; (heavy)
: L 0 (light)
Propagators S T .
i
—V =
P insertions -Lel- =2pP, ot = _p
U insertions _Lod- , -Z-OJ— , LO;Y_ ’ LO]— = Uijle]
Contractions HoVh = g

Table 1. Building blocks of covariant diagrams needed in this paper. ¢, j represent fields that can
be either heavy or light unless specified otherwise. A covariant diagram must contain at least one
heavy propagator so that its prefactor (2.22) is nonzero. See [22] for a detailed derivation of the
rules for covariant diagrams from evaluating the CDE series of eq. (2.19).

takes care of combinatorics (which can be quite tedious to work out if one were to proceed
algebraically as in previous CDE literature). For a covariant diagram with n; (nj,...)
heavy propagators of tree-level mass M; (Mj,...), ng light propagators, and n. dotted
lines (Lorentz contractions), we have

B . 1 o2neining..np _ Cs 1 2 MiMy .
prefactor = —i csgl[q ]U{) =162 5 [ ]”6 , (2.22)

where the spin factor c¢g is determined by the spin of the propagator from which one

starts reading the diagram, which is arbitrary.® The symmetry factor % is present if the
ninG.nL

diagram has a Zg symmetry under rotation, and the master integrals Z[q*"] 0.0

T 7 [qQ"C]Zf%”'nL are defined by

= gltl---HQnC I[anc]ninj---"L’ (223)

/ ddq q,ufl . qMan

(2m)® (q* — M) (g% — MF)"s - - (¢%)™

with gH1#2nc being the completely symmetric tensor, e.g. gt**? = gh¥ gP? 4+ gH* g¥7 + g+ g**.

Note that in dimensional regularization, Z[¢g*"]

0¥ = 0 because they are scaleless integrals,
which means a covariant diagram must contain at least one heavy propagator to be nonzero.
We derive a general decomposition formula that allows us to easily evaluate arbitrary
master integrals in appendix B, where we also give explicit expressions of the master

integrals appearing in this paper.

5There is no ambiguity here because of the cyclic property of the trace, even when the loop involves
both bosons and fermions. For example, one may have tr(...Upp...Upp...) or tr(...Urp...Upr...),
depending on whether one starts reading the diagram from a bosonic (B) or fermionic (F) propagator. The
values of the two traces are opposite, since Upr and Upp are fermionic and anticommuting (while all ...’s
are bosonic), so they give the same result when multiplied by opposite spin factors.

~10 -



By connecting vertex insertions with propagators and contracting Lorentz indices in
all possible ways, we can derive all independent operators in Ella'llﬁf)p. In practice, however,
one is often interested in obtaining just a few specific operators. To decide what covariant
diagrams should be computed, we note that since all fields must come from U[p] or Z[yp],
we can simply look for elements of these matrices involving the same fields as contained in
the operators of interest, and enumerate combinations of them that can be connected by
propagators to form loops.

As a technical note, when enumerating covariant diagrams, we can omit those with op-
erator structure tr(... PP, ...) =tr(... P?...). This is because the remaining diagrams,
giving rise to tr(...P*... P, ...) with no “adjacent P, contractions,” already contain suf-
ficient information for determining all the independent EFT operator coefficients.

3 Matching the MSSM onto the SMEFT

3.1 MSSM fields and interactions

The techniques reviewed in section 2.2 are generally applicable to matching any pertur-
bative Lorentz-invariant UV theory onto a Lorentz-invariant EFT. We now focus on the
specific case of matching the MSSM onto the SMEFT. To begin with, we need to extract
the field content (including gauge quantum numbers of each field which determine the form
of P,) and the interaction matrix U[y] of the MSSM.

The complete MSSM field multiplet (¢, )" is given in tables 2 and 3. We have
explicitly written out the internal indices carried by each field, in various colors for clarity.
In particular, we use i, A, o, I, a and a for SU(3). fundamental and adjoint, SU(2),
fundamental and adjoint, and spinor indices on the conjugate fields on the left side of the
quadratic operator Quv, and 7, B, 3, J, b and b for those on the fields on the right side.

The scalar sector of the MSSM consists of sfermions and two Higgs doublets. For the
latter, we choose a basis (®, ¢) where the mass matrix in the electroweak-symmetric phase
is diagonal,

Lassm O —( +miy )| Hul? — (4 +miy,) | Hal> — b (Hy - € Hy +h.c.)
= —m?|g|* — Mg|®[*. (3.1)

The (®, ¢) and (H,, Hy) bases are related by
(I):Cg/Hu-l-Sﬁle‘H;, (ﬁ:Sﬁ/Hu—CB/e‘H;;. (32)

where we have abbreviated sin 5’ = sg/, cos ' = cg/, with 5 defined by
tan2f’' = ————5—. (3.3)

Note that g’ is different from what is usually referred to as 3 as in tan 8 = Z—Z, the ratio
of vacuum expectation values (vevs) of H, and Hy. In fact, at one-loop level, minimizing
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MSSM field | SU(3)e x SU(2), x U(1)y | Conjugate field
Heavy spin-0 (cs = 1)

Dy (1,2, 3) P
o+ (1,2,-1) o,
s = (uz;, de;) (3,2, 5) e
¢ = (uy, dyf (3.2, -5) Gic
iij = UR; (3,1,3%) !
= ay (3,1,-2) i
dj = dp; (3,1,-3) d*
dv = dy (3,1, 1) d;
ls=(ve,er) (1,2, -3) I
= (vf,ei) (1,2, 3) L.
€ =ég (1,1, -1) é
& =ép (1,1,1) é

Heavy spin-1/2 (c¢; = —3)

~ X'ubd = avy.~a «
Xp = <€j‘>z.“}(;> (1727%) X :<6 ’Xd1,7XL('1)
BoXd
) 6v$(5~ " _ —c ~ N
XCK? - < )Z.?id: )> (1’ 27 _%) Xa = (X;Iur ’ 6(17'X2(;,)
~B )\Bb =A aA TA
9P:</\sz)> (8,1,0) 9 :()‘QA 7>‘g(‘1)
g9
e )\{Vb = al 11
W = /\Ti"] (17370) w :<)‘W7)‘W/1)
w
D, )\BI’ =) a T
B = )\Ti) (1,1,0) B:()‘B’)‘B{z)
B

Table 2. Heavy fields ¢y in the MSSM, their gauge quantum numbers, and conjugate fields
(which appear on the left side of Quy, see footnote 3). For clarity, SU(3)., SU(2), and spinor
indices are in brown, blue and green, respectively.

the effective potential, we can see that the two are related by”

1 tu td )
ﬁ:ﬁ+sc<—) +O(A?), 3.4
Mq2> BEB Uy Vg (’)( 116\22) ( ) ( )
in the decoupling limit |m?| < Mé Fav ™ O(A?) that we are interested in. Here t,,tq are

one-loop tadpoles, whose analytical expressions can be found in e.g. [4].
As for fermions, we choose to work with four-component spinor fields. In particular,
we write the Higgsinos as a Dirac spinor, and the gauginos as Majorana spinors. The SM

"Here we are defining 3 in a tadpole-free scheme, where v,,, vq denote the location of the minimum of the
loop-corrected effective potential (and are gauge dependent). An alternative scheme that is also commonly
used defines v, vq by the location of the minimum of the tree-level Higgs potential, independent of gauge
choice; in that scheme, tan 3 differs from tan 8’ only by O(A™?) terms.

- 12 —



MSSM field | SU(3). x SU(2). x U(1)y | Conjugate field
Light spin-0 (¢ = %)
ol (1,2, 35) o
¢*d (1, i, *%) (br\,
Light spin-1/2 (¢s = —%)
Qvip —iy aic Qv
T/)q,i-‘:< /Z‘I)) (3’2’%) Yy :(q/ ,qj, )
4
153
P q s = A a
v = <q&j‘a> (3,2, -3) Vo = (g Gik)
U/; —1 . i
b= (% (5.1.3) = ()
Uj
cj:<u?]{> (3,1,-2) b = (' uly)
u u,.l.b]- I ? 3 uL 10 a
d/ . —1 i 7
J
cj dJ) 9 —C a
Vg = (d/Tll}j) (3.1, 3) Yai = (d; ’d:r'“')
l)" —TQ «
Vg = Z:T;’> (1, 2, —%) v = (l/a(,x ’ l:[l )
8
cf l/)j — —c i
v = (l{,;,f> (1,2, %) Puo = (18, 18,)
e/ —_
d}e(e;;)) (171a71) 1/}8:(6(1’69)
/¢§:<(Z)b> (17171) wz (em’ej’)
e
Light spin-1 (¢ = 3 )
G2 (8,1,0) G
Wl‘,] ( 1 ’ 3a 0) Wl{
B, (1,1,0) By

Table 3. Light fields ¢y, in the MSSM, their gauge quantum numbers, and conjugate fields (which
appear on the left side of Quv, see footnote 3). For clarity, SU(3)., SU(2), and spinor indices are
in brown, blue and green, respectively. Primed Weyl fermion fields are unphysical auxiliary fields,
to be set to zero at the end of the calculation.
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chiral fermions f are embedded into Dirac spinors ¢, in which we also retain unphysical
wrong-chirality Weyl fermions f’, and set them to zero only at the end of the calculation.®

Interactions among the MSSM fields in tables 2 and 3 are encoded in the covariant
derivative P, and interaction matrices Ulp], Z[¢] in our functional matching formalism.
They are extracted from the terms in the MSSM Lagrangian that are quadratic in quantum
fluctuation fields, following egs. (2.14), (2.15), (2.20) and (2.21). It turns out that the Z
matrix does not contribute to the operators computed in this paper (up to A~! suppressed
corrections), and so will not be considered further.

To write down the U matrix, we follow the conventions in [43] (ref. [4] uses an opposite
sign for the tree-level Higgsino mass parameter p), assuming R-parity is conserved. We
assume a trivial flavor structure for the soft SUSY breaking parameters for simplicity,

Lyssm D —MZ G 1G— M7 a"1a—Mid 1d— M2I"11— MZé*1é
—Ay @ Ay G- Hy+Agd* AgG-€-Hy+ Acé Xel-€- Hy, (3.5)

where Ay, Ag, Ae are Yukawa matrices in the MSSM. Our results can be easily extended to
include flavor mixing, at the cost of making the analytical expressions more complicated.
Furthermore, we assume pv, Apv < M 2 so that matching in the electroweak-symmetric
phase without sfermion mass mixing is justified.

We summarize the fields contained in each nonzero entry of the MSSM U matrix in
table 4, relegating detailed expressions to appendix A. This U matrix exhibits a block-
diagonal structure because of the assumed R-parity: if ¢ and j have opposite R-parity, U;;
would be proportional to a heavy R-parity-odd field, which should be set to ¢ = 0 (so
that Mgf’% on—pm. X PHe= 0). We will demonstrate in sections 3.3 and 3.4 how to use
table 4 to quickly pick out the U insertions containing the right fields to make up a desired
operator in our one-loop matching calculation.

3.2 Tree-level matching

The tree-level effective Lagrangian is obtained by solving the equations of motion of the
heavy fields; see eq. (2.12). As mentioned in the previous subsection, in the absence of
R-parity violation, ‘m&ﬁ% = 0 is trivially solved by ¢ = 0 for all the heavy fields in the
MSSM except the R-parity-even heavy Higgs doublet ®, for which

dLnissm 243 2 o8
0 — (P2 — M2,
SPra [( )(\ [ n]
1 . _ _
+3(0% + 9%)s15101* 05 + cr sty Al Yu + 55 aXa e + 55 e Ae Yo
1 1 1 1 i
|5 (6" + 9%y — 292] 6@, — [4( Lt 9%)sie — 597 | (67®) o
1 *
—! 2+ 9%)s55 (D7 0) b + O(%9, 7). (3.6)

8Generally, such embedding would require additionally writing projection operators in interaction terms
to pick up the physical fermion fields. However, this is not necessary in the special case of R-parity-
conserving MSSM considered here.
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Here we have used the relation between D-term scalar quartic couplings and gauge cou-
plings, which holds even beyond tree level in the DR scheme. In the MS scheme, on the

other hand, the scalar quartic couplings (and hence the scalar cubic terms in eq. (3.6))
94 929'2

16727 1672 1672

compute the one-loop effective Lagrangian later.

receive O( ) corrections [44], which will need to be accounted for when we

We can solve the equation of motion 5%‘3& = 0 for ®. perturbatively, as a power
series in Mg L

.= + 02 4 ... where @) ~ O(M5?"). (3.7)
The first and second order solutions read
1 |1 - _ _
o) = 1 [8(92 +9%)515710 1B + e €0y M o+ 550 a Aabga + 55 G Ae wm] ,
P
(3.8)
@ _ 1 _ (D) + }(g2+g/2)62 o 192 620
co M(% c Ja 4 28 92 co

1 1 1
- [4(92 + QIQ)S%B’ - 292] (¢*¢£l)) b0 — 1(92 + 9/2)‘9%6’((I)r(:1)*¢) ¢(1} : (3'9)

Only @El) is needed in tree-level matching up to dimension six. We have

2 —
LEFerr = Lnissmlyy, oy, . = Lom + MO0 "+ 0(A™)

= Lou+ YO0 o), (3.10)

where the dimension-six operators (’)Edz(s) generated and their coefficients C!™® are listed
in table 5. We have used the basis of [45], known as the Warsaw basis, for dimension-six
operators. Fierz identities have been used to transform some of the four-fermion operators
into this basis. Note that with the tree-level matching of eq. (3.10) alone, each appearance
of 8 in table 5 should really read 5’. However, as we will see shortly, part of one-loop
matching result can be absorbed into a redefinition of 3’ — 3 in the tree-level operator

coefficients.

3.2.1 3 redefinition

An interesting observation can be made on the tree-level effective Lagrangian computed

above. Differentiating L& e with respect to 8/, we find

;ﬂlﬁgl\e/[epng4) = 886, [—;(92 +9%) 30"
—(8pUu Authg - €+ 0+ cadbg Aathg - & + cpde Ae Wy - ¢ + h.c.)]
= 3(92 +9%)sap ol
+ [¢* (cpre - wq Ay + 8500 Aa Vg + $0e Ae ) + h.c.]
= Mz(®M* ¢+ g 0lY), (3.11)
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Coefficient Operator

CE* = Gz s (7 + 9°)° O = |9

[Cus,, = —simsuscs (9 + )M, [Ous]™ = 167 (V] - €6*
[CY5°),, = sisasss (42 + 9 1LV [0ap]™" = 161> (Wf %) - ¢
(O], = shzsasss (67 + g AL],, [Ocs]™ = 16 (&) - &
O3], =~z NN, | ORI = @i orm)
(O], = =3 ch M D, | [0 = GPT 00 e T4
(Cad" s = —aagsh NPl | (O = @) G
(Cod" Ly = —mizsd N [Ma], | [OR]7 = G40 )) W T )

prst

[Ctree]pmt - 2]&[2 3?3 P‘ ] [’\e] [Ole]th = (lﬁlpfyuwlq(@es’)/“wet)
[Coiad Vst =~z sscs WL MR | (00" = @v) - e (Bw)
[Clegu Tyt = wzsacs W, MLy | [Olegu)”™ = @/0) - - (90)

(Ciedal prst = 71755 M, Ml [Oreaa)”™™ = WF )W)

sr

Table 5. Dimension-six operators generated at tree level when matching the MSSM onto the
SMEFT. p,r, s,t are generation indices. Tree-level matching alone produces the operator coefficients
listed here, but with 8’ in place of 8. As explained in section 3.2.1, adding the one-loop-generated
piece cop(Pid + ¢*P.) to LTy amounts to replacing 4’ by § in all Cfee.

a tree (d=6 * aq)gl)
aiﬁl'CSMEgFT ) = Mc% (pgl) . 6/8/ + h.C.
. |1
= o{l*. [2(9 + 9%)capr |00
—85 € Yg AL Py + e ha Aathg + cor e Ae wz} + h.c.
EoM

2 gl |- (%) + 4

4W+wW%%mwﬂ+ha

P M2 (0P + 7P (3.12)

In the equations above, we have used the fact that both m? = p? —i—m%{“ s%, —i—m%{dc%, —bsgp
and M(% =+ m%luc%, + m%{ S%/ + bsmf have vanishing first derivative with respect to

B’, when eq. (3.3) is satisfied. «FoM
renormalizable SM equations of motion and 1ntegration by parts, respectively — opera-

and “ZX” mean equivalence with the use of the

tions that are allowed when we are dealing with dimension-six operators in the SMEFT
Lagrangian. We have neglected the m? piece and one-loop threshold corrections to the
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relation A= 1(g2 +4q 2)(:%/8, when applying the equation of motion for ¢, because they lead
to iz suppressed and loop-suppressed terms compared to those retained in our results.

Meanwhile, as we will see explicitly in the next subsection, matching the MSSM onto
the SMEFT at one-loop level generates

Ly O cag(Did + 6" ®c) (3.13)
with cog ~ (’)(16 2) given in eq. (3.36). The observation we made above, namely
9 tree 2 * *
87/3,ESMEFT = Mg (®;¢+ ¢* D) (3.14)

suggests that we can absorb the part of ‘Cél\/?ISZ)II;T shown in eq. (3.13) into L& e via a

redefinition of &',
ﬁtree / P* *P tree Cq>¢ 3.15
SMEFT (8') + cop(Pid + ¢ Pc) = LNrpT | 5 + ; (3.15)

up to two-loop corrections. Comparing ces presented below in eq. (3.36) and analytical
expressions of one-loop tadpoles in [4], we can actually show that

tu td
_ tu _ ta , 3.16
Cop 866&(% vd>O(A22) (3.16)
167
Therefore,
L&tErT(8) + cop(Pid + ¢"Pc) = LNiar(B) (3.17)

with § defined by the minimum of the (loop-corrected) 1PI effective potential, i.e. tan § =
Z—Z in the tadpole-free scheme; see eq. (3.4). We see that adding the one-loop-generated
piece cap(Pio + ¢*Pc) to L& pr amounts to simply replacing 5" by f in all tree-level
operator coefficients.

There is a simple power-counting argument for the relation eq. (3.17). If instead of
eq. (3.2), we define ®, ¢ to be related to H,, Hy by an angle 3 (as opposed to ') rotation,
we would have (¢) = % ~ 174 GeV, while () = 0. In this basis (usually referred to
as the Higgs basis), integrating out heavy superpartners must not produce (®%¢ + ¢*®.)
with (9(16 2) coefficient, because otherwise, the same contribution would be present if
we compute the 1PT effective potential of the MSSM — this would lead to an O(g%s)
contribution to (®) which, in fact, is the only possible contribution at this order, thus
contradicting (®) = 0. Technically, what happens is a cancellation of O( 167T2) (PLp+0* D)

pieces between L& e and L’él\l/?ggT the same L’éN?E%T D capp(PhP+¢*P.) is generated by

tree

one-loop matching, while L& apr O —cag(Pid+ ¢*Pc) because the UV theory Lagrangian
now contains a mass mixing term,

1 ,
Lyvssm D [b cop — f(m%{u — m%{d)sw] (D% + ¢™P)

2

- tu _ o* *P 1

= —spes\ -, , (@70 + D), (3.18)
v va)o(gh
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up to ’X—j suppressed and higher-loop corrections. Note that the presence of mass mixing in
this basis does not invalidate our functional matching formalism (which assumes a diagonal
mass matrix), if we treat it as a small constant term in the U matrix. However, the Higgs
basis is not a convenient choice for tree-level matching, because ®. has to be solved as a
double series in A~! and

167r2
3.3 One-loop matching: d < 4 operators and SUSY threshold corrections
3.3.1 Enumerating covariant diagrams

To match the MSSM onto the SMEFT at one-loop level, we draw covariant diagrams
contributing to each SMEFT operator of interest, starting from the d < 4 ones which
encode SUSY threshold corrections. Enumerating covariant diagrams is straightforward
by looking for desired fields from the MSSM U matrix.

Let us demonstrate the procedure with an example operator 1y dyq Py - ¢* + h.c.
Obviously we should look for a d, a ¢ and a ¢ in table 4. To begin with, there are several
options to get a d, such as from Ugy, or from U g Let us pick Ugy first. This Ugy insertion
should be followed by a x propagator, and then another U insertion containing either ¢ or
¢. For this second U insertion, we need to enumerate all viable choices, one of them being
Uiza ~ q. With this particular choice, we can then close the loop with a % propagator,
followed by a Ugz ~ ¢ insertion, and then a ¢ propagator connecting back to our starting
point Usg. We thus end up with the following covariant diagram,

~

\
Y 1
X 9 :—iuzqﬂ}xtr((f WUziUaq) (3.19)

-

q
Note the factor of p from the uncontracted fermionic y propagator. Plugging in explicit
expressions of Uy, Uga, Ugg from egs. (A.15), (A.16), (A.8b), we obtain

tI‘(quUxﬁan) D) Sp (Au - MCOt ﬁ) (&d AdALAu ¢q . (25* + 7752 Ad)\TA* T/Jq ¢)
= (A, tan g — ,u)(v];d yd)\L)\u Yy O+ h.c.) , (3.20)

where we have dropped similar terms involving ® which, after setting ® to ®., contribute to
g 6Yq thq-¢*+h.c. only at higher order in §5. Noting that there is an identical contribution
from the mirror reflection of the diagram of eq. (3.19), we can write the squark-Higgsino
loop contribution to dyg as

0Yd D Yd éy(quX) , (3.21)

where

1672 5y(quX) A Ay p(Ay tan B — p) I{E}( (3.22)

The master integral involved here has the following explicit expression,

71— 7111
Liji = 167r
2 2 2 2
= 2 2jwj 2 2 log%é+ 2 QMk 2 2 log%];, (3.23)
(M7 — MZ)(M; — M)~ Mg (M3 — M) (M — M7) = M;

see appendix B.
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An alternative route we can take to obtain 1, 8yq ¥, - ¢* + h.c. is to start from U~§,
and form a J-g-q loop,

M I};}tr(U UsaUsq) - (3.24)

N}l
Q.,\\ 7 X
O~

Evaluating the trace and adding the mirror diagram, we obtain the squark-gluino loop
contribution to dyg,

0Yd O Yd 5y(ng) (3.25)

where

167> 5y(qd9) —2(Ag — ptan B) g3 C SUE )M3 I;;gl (3.26)
with CQS ue) - % being the quadratic Casimir of the fundamental representation of SU(3)..
It is worth noting that both the squark-Higgsino loop and the squark-gluino loop computed
above can be viewed as part of a single covariant diagram,

2Mk I} tr (Ui Uik Uni) (3.27)
/

with summation over ¢, j, k understood.

There are several other routes that can take us to the operator 1g dyq 1, - ¢* + h.c.,
and many others that can take us to other SMEFT operators. Following the procedure
demonstrated with the examples above, we enumerate covariant diagrams contributing to
each d < 4 operator in tables 6 and 7. In particular, table 6 contains covariant diagrams
contributing to the Higgs potential and Yukawa interactions, which involve U insertions
only and no P insertions. The kinetic terms (wavefunction renormalization factors §2),
on the other hand, come from covariant diagrams that involve P insertions, as shown
in table 7. The cos(Pi¢ + ¢*®c) piece, which we choose to absorb into L{fzpr via
a redefinition of 8 as explained in section 3.2.1, is computed from the same covariant
diagrams contributing to dm?|¢|?. In diagrams where permutations of propagator labels
produce inequivalent diagrams, such permutations are implicitly assumed to be included.
We refrain from elaborating on how to compute each of the tabulated covariant diagrams,
as the general procedure should already be clear from the examples given above.

From tables 6 and 7, we can see an advantage of our approach is that despite the
large number of terms in the final results of one-loop SUSY threshold corrections (which
we will present below), they all derive from just 30 covariant diagrams. The small number
of covariant diagrams can be understood on dimensional grounds. Generally, we have

dim(P,) =1, dim(Usle]) > 1, (3.28)
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14 U-only covariant diagrams contributing to dm?, 0\, dy;

/
é 117 1= f
\\ /
i
om? ij = XW, XB
J
ij = gii, qd, Ié
ij = ®®, do; [f
ijk = §gu, aag, Gqd, ddg, lle, éel
S ijkl = qugu, gdqd, lelé
ijkl = XWXW, XWxB, YBXB
ijk = ®qu, dgd; fXV
dyy

ijk = quy, gdx; quV, gdv, lev

Table 6. Covariant diagrams contributing to Higgs potential and Yukawa interactions.
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16 P-dependent covariant diagrams contributing to 67

52,

525

5ZG,I/V,B

Table 7. Covariant diagrams contributing to kinetic terms.

where “dim” means operator dimension. d < 4 operators can therefore only come from
covariant diagrams with at most 4 vertex insertions, as enumerated in the tables for the
case of the MSSM.?

3.3.2 Results

Now we present the results of one-loop-level coefficients of all d < 4 SMEFT operators,
i.e. 6Zy v, om?, 5), dyy defined in eq. (2.4), which are calculated from the 30 covariant
diagrams in tables 6 and 7. These coefficients, together with the tree-level relations,

1
m? Ep2+m%[us%+m%{dc%—b525, = g(gz—i-g@)c%ﬁ,
Yu = Au S8, Yd = Ad C3 Ye = Ae Cs, (3.29)

Similarly, dimension-six operators can be obtained from covariant diagrams with at most 6 vertex
insertions. This is true regardless of the UV theory, as long as it is Lorentz-invariant and satisfies the
general form of eq. (2.20). This simple observation of finite combinatorics underlies the idea of deriving
universal formulas for one-loop effective Lagrangians [18, 20, 23].



can be readily plugged into eq. (2.6) to obtain one-loop SUSY threshold corrections (there
is a one-loop correction to the equation for \ if we work with the MS scheme [44]). We will
use parenthesized subscripts or superscripts to indicate the covariant diagram each term
comes from, and mention the reduction formulas used on the master integrals so that all
results can be easily reproduced.

We have cross-checked our results against conventional Feynman diagram calculations
reported in [4] and found complete agreement; see appendix C. Note in particular that at
one-loop level, MSSM threshold corrections are the same in both MS and DR schemes, as
is clear from the absence of e-scalar loops in our matching calculation.

CZSU(3) _

Our notation is the following. N. = 3 is the number of colors. = % and

C’QS v@ 3 are quadratic Casimirs of fundamental representations of SU(3). and SU(2)y,

respectively. The U(1)y hypercharges are

1 2 1 1
Yo, Yo, Yo, Yy, YV, Yot =0, =, =, ——, ——=, =1 . 3.30
{ ¢y Lgs tus tdy L, 6} {276535 3) 25 } ( )
The master integrals 7 = T / 16% are functions of tree-level masses of the heavy particles.
Their analytical expressions in terms of tree-level heavy particle masses can be found in

appendix B.

Higgs potential. The one-loop coefficient of the d = 2 operator |¢|? reads

2 _ ¢ 2 2 2 2
om” = omig + 5m(f) + 5m(ff) + 6m(>2V) , (3.31)
where
3 -
167° dmiy) = 1 9*s3g+ 97 Y] (s35 — 2¢35) | Is (3.32)
1672 5m?~) = Notr(Al Ay) s% (i% + i%)
+Netr(AAg) & (23 + D) + te(AEhe) & (2 + 72)
—g% Yyeo3(2NYy Iy — NeYo Iy — N Ya I: + 2V, 10 — Y. 17) , (3.33)
1672 (5m?ff~) = Notr(Al A,) S% (A, — pcot ﬁ)2i}%
N tr(ATAG) 5% (Ag cot § — My
+tr(ATXe) s%(Ae cot f — M)Qi'zlél , (3.34)
My (M + sapp) =1 p(s2Ma + p) =
1672 6m2. ., = —4 g2 C3V? [ L s Tl
(xV) 2 M22 — 2 W M22 — 12 X

(3.35)

My(M ~ M ~

M12_Iu2 B M12_M2

Note that terms proportional to v#7, = 4 — € are generally encountered when computing
loops involving two fermionic fields. To arrive at eq. (3.35), we have used eq. (B.28) to
reduce (4 — ¢) i[qQ];} to i;(, i‘l/ and Z'L and further used eq. (B.3) to reduce f)%/ to f}(

v’
71
and If/‘
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From the expressions of master integrals in eqgs. (B.15) and (B.18), it is clear that
A2 . 2 .

each term in the equations above is (’)(167r2) Quite generally, the |¢|° operator receives
threshold corrections that are quadratically sensitive to the EFT cutoff scale A when a
high-energy BSM theory is matched onto the SMEFT, as a manifestation of a potential
hierarchy problem.

As noted before, the same covariant diagrams contributing to dm?|¢|? can also be used
to compute the cpy(Pip + ¢*P.) piece, for which we obtain

Cop = cfw) + cg(g + cgd{) + c(Xd)V) , (3.36)

where

3 ~
1672 ) = 50" +9%) sas 1o, (3.37)

1672 cg:g = N.tr(Al Ay) 8505(i% + f%)
—N, tr(/\ji/\d) 35%(1'% + f{%) —tr(Ale) 35cﬁ(fl~1 + 1})
+29"% Yyspes(2NYy If — NeYo I3 — N Y I+ 2V, I — Y. 7}) , (3.38)

1672 cgj) = Notr(Al Ay) s% (Ay — pcot B)(Ay cot 5+ ) fll

—N, tr()\:fi)\d) s% (Agcot B — p)(Aq + pcot B) Ilé

—tr(AfAe) s% (Ae cot B — p)(Ae + pcot B) Ill} , (3.39)

167> cgiz)v) = —44° C’QSU(Z)CQBMQ,uf;;V — 44" ch%Mluf;(g . (3.40)

As discussed in section 3.2.1, we absorb this piece into the tree-level effective Lagrangian
via a redefinition of 3, and thus do not consider it as contributing to threshold corrections.
The d = 4 operator |¢|* has the following one-loop coefficient,

o\ = 5/\(@0) + 5/\(ff) + 5)\(]sz) + 6/\(ffff) + 5/\02‘72‘7> , (3.41)
where
1 -
167 0\ay) = 1 [(92 +9)?(s5 — s35035 + cag) — 29°(9% + g”°) g + 294] 3
3
+§(92 +97)? 32/3025 T (3.42)

1 1 2
t 2 2 2
1672 ‘”‘(ff) 3 —tr { N, |:<AuAu85 + 19 c28 — ¢ Y¢Yq625>
1 21
+ ()\:;)\dc% - 19262,3 — g’2 Y¢Y,1025> } Ig
2 ~
Ne (AL 53497 YoYucas) T2+ N, (AaNiE + g% Yy Yacsp)® 12

1 2 71 7 -
+|:<AiAeC%—4g2025—g/2 Y¢Y2025) +<492025—g/2 YQSY[CQB) ]Ilg

+(AeAlch + g2 Y¢Yecw)2f§} : (3.43)
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1672 5)‘(fff) tr {Nc (A, — pcot B)? )\L)\usé [()\L)\us% + ngCQﬂ —g? Y¢Yq025) fg%
+ (AT Aus? + g% Yy Yacas) igg}
N.(Agcot 5 — u)2 )\L)\ds% [()\Il)\dc% - 392025 —g? Y¢Y(]cm) i’%
NS oY Vien) 28]
+(Ac cot f — p)? )\l)\es% [(Ap\ecg — igzczg —g? Y¢Y5025> flgél
+(AIXhecd + g7 Yy Yecas) igg] } , (3.44)

1672 6N j77f) = Nc tr (AL A AT Ay) 85 (Ay — peot B) 22

’ .
+5 Ne tr( AN AG) 55 (Agcot 8 — ) T2

1
+5 tr(AIXATAe) s (A cot B — p)* T2, (3.45)

3 . .
2 _ 4 11 2 2 2722
167 5A(>2‘7>2‘7) e _Zg {IXVV - CQﬁMQM I)ZVV
+A[2MF + 4sasMop + (1 + 535) %] i[qQ]ffW}

1
—59 cw(z11 — M3pu 122 + 42 Z[¢?]

oY Thy + Thy — (M3 + MP = 253, M0y )2 T2,

xw) (3.46)
+4[(My + M1)? + 4sga(Ma + My)p + 2(1 + s55)4°] I[qQ]?zlﬁl/B}
4~y-4) 711 2 2 2722
~a gt i T - GoMIP T
+A[2M3 + dsyp M+ (1 + s35)1%] Tlg ]XB} (3.47)

For the XV XV loops, we have used eq. (B.31) to eliminate the Z[g%] master integrals
(coming from covariant diagrams with two Lorentz contractions) from eq. (3.47).

Yukawa interactions. The d = 4 Yukawa interaction operators v, 0y, - € - ¢ +
g 0Yq Vg ¢+ Ve 0Ye Uy - ¢* + h.c. are obtained with the following one-loop coefficients,

5Yu = Yu 0Yu = Yu (Y PID + 5y 90 4 5 @V) 4 5y (F5V)), (3.482)
0Yd = Ya0Yd = Yd ((5 ($qu) + 5y(quX) + 5y(qu) + 5y((lf>2‘7)), (3.48b)
8ye = Ye 8Ye = ye 5y + 5y, (3.48¢)
where
1672 8y P9 = Mg A 15, (3.49a)
167 5ySPT™ = AL, 3 78, (3.49b)
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1672 5y (390 = AT xg 1 (Agcot B — p) A (3.50a)
1672 éy(quX) = Al Ay p (A tan B — p) I;;i ) (3.50D)
1672 5y T™) = 2 (A, — peot B) (g3 C5V P My THE + ¢ VY My THL), (3.51a)
1672 550 = —2(Ag — ptan B) (g2 CSUC) My T+ P Y YaM TUL), (3.51D)
1672 5y V) = —2 (A, — ptan B) g2 VY. M, L, (3.51c)
= (Fx My(Ms + pcot ) = p(p + Ms cot B) -
16726 (fxV) _ ) ZC«SU(2) 1 11
T 0Yy; g Gy MQQ_MQ GW M22—M2
My (M + pcot B) - -
2 1M1 T f 11 11
+24 ch[ M — 2 (Yq IqB - Yy Iﬁé)
plp+ Mycot B) o =13 211
R Ve (YoZiz — YuZss)| (3.52a)
My(Ms + prtan 3) - p(p + M tan ) -
1672 5y XV = —2,42 C5U®) 7l 7l
™o Mjo2 v Mg
M,y (M + ptan B) ~ ~
2 1M1 T [ 11 11
plp+ Mytan §) o =y F11
R (YoZqi — YaZl)) | (3.52b)
= (FaV My(M; + ptan B) - p(p + My tan ) -
1672 5yXY) = —2 g2 c59 i 7
T 0Ye g Lo M2 — 12 w M2 — 12 Ix
My(M;y + ptanB) ., = ~
2 1M1 + [ 11 11
—24' Y¢[ M — 12 (ViZjs = YeIp)
p(p+ Mitan B) o = -
= (v, I;)zl -Y. 13| - (3.52¢)

We have used eq. (B.29) to reduce (4 — ¢) Z[¢*]} to Zah in eq. (3.49), and egs. (B.3)
and (B.28) to reduce i—}‘l/li( and (4 — €) Z[¢? ]};1 to IH and I1~~ in eq. (3.52).

In these results, of particular interest is the appearance of terms proportional to
tan 3, originating from Ag,.e = yd,ecgl = yd,eslgl tan 8. Since matching calculations are
done with UV theory parameters, it is expected here that dyg. contain terms of order
ﬁ Ad,e X tf(;“é* Yd,e. A large tan 8 can partially overcome the loop suppression, giving
rise to sizable SUSY threshold corrections, which in turn is important for achieving b-7

Yukawa unification. More on this in section 4.

Higgs kinetic term. The one-loop coefficient of the d = 4 Higgs kinetic term |DM¢\2 is

7 v
07y = 0257 + 525 (3.53)
where
1672 5Z(ff) —2N, tr()\T)\ )s%(A — pcot §)2 [ ]22
—2 N, tr(AAa) 53 (Agcot 8 — p)* Z[g’]22
—2tr(ATAe) 53 (Ac cot 8 — p)* Z[¢*)22, (3.54)
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A% SU©2) [ 5 ~
167%62%") = 242 C; <)[I§<;~V+2(M2 + 12 + 2Mopsap) Tlq?) W}

+242V? [i%lé + (M2 + p? + 2My pisag) Tl B} (3.55)

Again, we have used eq. (B.31) to eliminate Z[¢*] in order to arrive at eq. (3.55). Note
that D,¢, is written as —i[P,, ¢.] in our approach (recall P, acts on everything to its
right). The covariant diagrams listed in table 7 give us the tr(P*¢*P,¢) piece of \D“¢\2 =
—tr([PH, ¢*][Py, ¢]) = tr(P%¢*¢) +tr(P2pg*) — 2 tr(PH¢* P,¢), which is sufficient to fix the
coefficient of | D, ¢|%.

Note that unlike dyg.e ~ 16”2
tions yd,e yd . from 674 (and also 5Zf below) are only ~ 16”2 Yd,e (see eq. (2.6)), and

Ad,e 611/5 Yd,e» contributions to the threshold correc-

are thus subleading in the large tan § limit.

Fermion kinetic terms. The d = 4 fermion kinetic terms ) f W) 10Z¢ iPy + are obtained
with the following one-loop coefficients,

§Zq = 62D + 62X y 5701 (3.56a)
82, = 622D 1 5200 1 571V 1 (3.56b)
62 = 0252 1 6250 45701 (3.56¢)
02 = 62% +52( + 57 >11, (3.56d)
6Ze = 6Z®) + 6200 1+ 521, (3.56¢)
where
1672 6Z(*F) = 2 (Al Auch + Afhas?) Z1e%)30 . (3.57a)
167r25z(‘1’0> = 40 AL A T3, (3.57b)
1672627 = 4Ad>\dsﬁz[ 22 (3.57c)
1672629 = 21 esﬂz[ 2)2 10, (3.57d)
1672 6 Z(®) = AN 3 Z[¢%)3, (3.57¢)

1672 6270 = 2 (M A, Z[%)2) + )\L)\df[qQ]g) : (3.58)
1672 6 Z(8%) = A X, AT T[¢?]2E (3.58D)
1672 62570 = 4 XaAL T[22 (3.58¢)
167262 = 2 I Z[¢%]2L, (3.58d)
16726200 = 4 X A Z[g @I (3.58¢)
1672 02{1) = 4 (g G5V T3 + 62 O3 VP L[y + ¢? Y2 I[g2,) . (3.59a)
1672 520Y) = 4 (g3 C5" P (2L + ¢ Y2 T[4)2L) (3.59b)
167202y = 4 (g3 €57 T[2 + 6P VP TIe)%) (3.59¢)
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S ~
167252 = 4 (B SO T2 + ¢ VP IIPIE), (3.59d)
1672 52@V) = 442 Y2 I[¢*)2 . (3.59€)

To arrive at egs. (3.58) and (3.59), we have used egs. (B.3), (B.10) and (B.28) to simplify

(2= Zl¢’);] - M T} = (4= O Z[¢°);] — MF TP = 2Z[¢°);} = I} — 2Z[¢°];}
= ﬁ(ﬁ I;) — 2I[¢%)}
- ﬁ(f[qﬂ% - TP) - 27l
= 2(Z[q ]21 + I[q*)7) - 2Z¢%)F = 2Z[¢°]; - (3.60)

This relation is also valid in the limit M; — 0,
(2 -6 Zle™lis = 2Z[¢°)% - (3.61)
which we have used to obtain eq. (3.57).

Gauge boson kinetic terms. General results of wavefunction renormalization of gauge
fields from integrating out heavy matter fields are well-known, see e.g. [17]. The covari-
ant diagrams version of the calculation can be found in [22]. Specializing to the case of
integrating out the MSSM heavy fields, we find

0Z¢ = g3(62) + 529, (3.62a)
57w = (620 + 52D + 520 + 5207y, (3.62b)
575 = g2(625) + 52D +5219), (3.62¢)
where
— P 1 ~ — P 2 ~
167262 = FECS 1672625 = SY2 I3, (3.63)
25,0 _Linze 72 79 25, _ 1 2, 72
167° 6 Z¢ _6(2Iq+za+zg), 167° 6 Zy;,) = 6(NI +17),
25,(f)_ 1 2 72 272 2 72 252 | 272
167202 = S (N YPI2 + NV T+ NYF T+ 2 VP 12+ Y2 12), (3.64)
= (5 2 - = (% 8
167702y = S I3, 167202 = SYZ I3, (3.65)
2 5,(3 2 25,(00) _ 42
1672629 =272, 167° 82y = S I, (3.66)
We have used eq. (B.10) to reduce the bosonic loop integral Z[¢g*]} to 214 Z2. The fermionic
loops, on the other hand, are proportional to —M2 T} + 8MZ2 Z[¢?]} + (—16 + 10¢) Z[¢*]}
which, by eq. (B.30), is equal to 8 Z[¢]} — 7?2 = gIZQ
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3.4 One-loop matching: d = 6 operators Ogg.q in the large tan 3, low Mg
limit

We can use the same techniques to obtain one-loop-generated d = 6 operators. There is
a large number of them, but not all are equally interesting phenomenologically. In fact,
given the loop suppression, together with a possibly high superpartner mass scale A due
to lack of new particle discoveries as well as a SM-like Higgs boson mass of mj, ~ 125 GeV,
a generic d = 6 operator with 0(167r2 A2) coefficient is likely to have a negligible effect on
observables. In this regard, we would like to identify a region of MSSM parameter space
where some d = 6 operators have parametrically enhanced observable effects, and can thus
point to realistic experimental targets to be pursued.

To do so, we first note that, as in the case of 5yd,e discussed in the previous subsection,
factors of tan 3 can appear when operator coefficients are written in terms of yq,e rather
than Ag,e, which can partially overcome the loop suppression if tan 3 > 1. We are thus
led to consider the large tan 8 limit. At dimension-six level, tan 8 enhancement occurs for
several operators, among which we focus on Qg4 and Oy, motivated by their relevance to
precision Higgs physics as they modify hbb and h7+7~ couplings; see eq. (2.11). Note that
in contrast, Oy, which modifies htt coupling, does not have a tan 5 enhanced effect.

To further boost observable effects of the operators Ogzs and Oy, we would like to
focus on the scenario where Mg, the mass of the heavier Higgs doublet, is somewhat
lower than A. In this case, there are contributions to Cgyg s that are proportional to
MQ, which is parametrically larger compared to /\12 There are in principle two sources
of 'such contributions — loops involving ® propagators, and operators proportional to
®.. By carefully enumerating covariant diagrams following the procedure of the previous
subsection, we are able to show that loops involving ® propagators are all free from tan 3
enhancement, and so will not consider them further.

As for the second option, there are only a few possibilities for writing down d = 6
operators that are proportional to ®., since @gl) (@9) is already dimension three (five).
They are, schematically,

(@)%, elVy?, eVe®, olVep?, &P¢. (3.67)
Among them, (<1>£1))2 and @E”W do not contain Qg4 s with tan 3 enhanced coefficients,
while <I>g2)<;5 has already been absorbed into L& apr via the redefinition of 3 discussed
before. So we are left with @gl)qﬁ and <I> ngz To be explicit, we have

Lonierr O Cagsld* (876 + ¢ @) + cagpe (D @) (Do) + (DM9)* (D))

)
B o 0P (@) + 6 0)) — cgpe [@D(D29) + (D) @)
E%M (CCI>¢3 =+ 2)\ Cq;,(bPQ) |¢|2(®£1 QZ) + ¢*(p )
t T T
;2125 (cags +2Acasr2) ([4),, [Oas)” + [w8],, [Ocs]”") (3.68)

Note that there is also a tree-level matching contribution to c1>£1)¢3, which we already
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computed in section 3.2. Though DR scheme was assumed there, the one-loop difference
between MS and DR is not tan 3 enhanced and negligible.

The operator coefficients cg4s and cggp2 can be computed from the same covariant
diagrams that give rise to dA and §Z, respectively. In fact, we just need to retrieve O(®¢?)
and O(®¢) pieces from products of U matrix elements, instead of O(¢*) and O(¢?) pieces.
From appendix A we see that, with the exception of diagrams involving U, this amounts
to starting from the latter, and replacing sg¢ — cg®, cgp — —s3P in all possible ways. In
other words, from the form of the U matrix we can infer that

LsMErT D O ‘(15‘4 + % <5)\) ’¢‘ ( :¢ + ¢*q)c)
2, 1 o) . *
+6Zy |Du|” + <0652¢> (D*®¢D,¢ + D'¢*D,®.) , (3.69)

up to loops involving ® propagators. We have verified eq. (3.69) by explicit calculation.

The simple replacement rule observed above, which connects different operators in-
volving ¢ and ®., can be understood by considering a variation of the EFT matching
problem we are dealing with now. Suppose, instead of integrating out all BSM fields of the
MSSM, we integrate out only the R-parity-odd fields, while keeping both Higgs doublets
in the low-energy EFT. The calculation in this case would be more conveniently done in
the (H,, Hy) basis, and the angle 8 does not appear in the effective Lagrangian in the
electroweak symmetric phase. Afterward, we can substitute

H, — sgp+cg®, H;— e (ngﬁ — 85(13)* , (3.70)

so as to write the effective Lagrangian in terms of ¢ and ®. From eq. (3.70) it is clear
that for each term involving sg¢ (cg¢), if we replace sgp — cg® (cgp — —sgP), the result
would also be a term in the effective Lagrangian. Further integrating out ® to arrive at
the SMEFT does not change the conclusion for the terms that already existed, namely
those generated by integrating out R-parity-odd fields. Meanwhile, additional terms, such
as 6)\@@\(;5\4 (see eq. (3.42)), are generated by loops involving ®, for which the simple
replacement rule above does not apply. However, none of these terms is tan S enhanced,
and we will thus neglect them in the d = 6 part of the EFT Lagrangian.
To sum up, in the limit tan 8 > 1, Mg < A, we have

Lloop _ tan B -loop ., tan
Cd¢00p =~ Mq) (C¢,¢3 + 2)\ C(I>¢P2) y; ) Ceqboop = M(% (C‘I’¢3 + 2>\ C‘I)(]5P2) yl ? (371)
where

WiV
cog = &I 1+ TP 4 JITD | G0

_ ; 685 (SMTD) 4 GAGTD) 4 5AGTTP) 4 x50y (3.72)
Mh o an 10

C¢'¢P2 ~ <I>¢P2 +c ‘I)¢P2 = 285 5Z¢, (373)

with various contributions to 6\ and 67, computed in the previous subsection.
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4 Bottom-tau Yukawa unification

In this section, we study implications of b-7 Yukawa unification on the SUSY spectrum in
the EFT framework. To simplify the analyses, we neglect Yukawa couplings of the first
two generation fermions, and impose the following relations among MSSM parameters,

Mq:Mﬁ:MJ:MZ:MgEMS, (41)
Ay, =Ag=A4. = A,
Mg:?)MW:GMBEMg,

where the gaugino mass relation is motivated by GUTs. As a result, above the SUSY
threshold A, we have a theory of 13 parameters:

glvgag37)‘ta)\ba>\7am2;At, (44&)
Mo, My, v, Ms, tanf. (4.4b)

Below the SUSY threshold A, they are mapped onto parameters in the SMEFT, as we
have worked out in detail in section 3. We shall keep only the renormalizable operators
and dimension-six ones that are generated at tree level. The EFT is therefore a theory
characterized by 20 parameters:

ff
g g gy sty N, my, (4.5a)

Cs. Cig, Chg, Crg, O, O, O, C¥), Cre, CO)yy O, Creaq. (4.5D)

qu o Yqu oo qu >

It is implicit here that all generation indices are set to 3 in the four-fermion operator
coeflicients.

We numerically evolve the 13 parameters in eq. (4.4) in the regime ¢ > A according to
two-loop RG equations of the MSSM [46], and the 20 parameters in eq. (4.5) in the regime
@ < A according to two-loop RG equations of the renormalizable SM [47] and one-loop
RG equations of the dimension-six SMEFT [48-50]. At Q = A, the two sets of parameters
are connected by the matching calculation presented in section 3, together with one-loop
scheme conversion between MS (used for RG evolution in the SMEFT) and DR (used for
RG evolution in the MSSM) [44].

As boundary conditions for the entire set of RG equations, we set

g = 0.35827, g = 0.64779 g =1.1671,
eff U2 eff 1)2 eff ’UQ
Y — 5 Cip = 093612, 4 — <-Ciy = 0.01539, Y2 — 5 Cry = 0.00088,
3v? 5 3t 9
Nt = 5-Cp = 0.12592, miy + = -Cy = —(92.964 GeV)?, (4.6)

at Q = my; = 173.21 GeV, where v? = —mgﬁ/ Aeff- These linear combinations of SMEFT
parameters are what would be actually extracted when mapping the SM Lagrangian to
low-energy observables, including my = 80.385 GeV, my, = 125.09 GeV, as(myz) = 0.1185,
etc. The numbers in eq. (4.6) are taken from [47], except for y¢ff — %qus, which is taken
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from [51], and yff — %Cm, which is fixed by requiring mP°'® = 1.77686 GeV is reproduced

when the SM is matched onto five-flavor QCD x QED and RG evolved down to the low scale
according to [52]. Note that the mapping calculation leading to eq. (4.6) incorporates state-
of-the-art results on SM loop corrections, while additional contributions of dimension-six
operators are included at leading order (O(A~2) tree level), which is sufficient for A > TeV
considered here.

As another technical note, since contributions from dimension-six operators to the RG
evolution of SM parameters are suppressed by m? /A2, we can apply an iterative procedure,
starting with zero coefficients for all dimension-six operators at @ = my. In the first
iteration, the renormalizable SM couplings (g%, yfﬁ, etc.) are evolved up to @ = A using
RG equations of the renormalizable SM. Next, using the results in section 3, we solve for
the corresponding parameters in the MSSM (g, v, etc.), and then compute coefficients
of dimension-six operators at Q = A. After that, all SMEFT parameters are evolved
down to ) = my, and the values of renormalizable SM couplings are updated according to
eq. (4.6), now with nonzero dimension-six operator coefficients, and the above procedure
of RG evolution and matching is repeated with the dimension-six operators taken into
account. Convergence is always found after a few iterations.

The 8 boundary conditions in eq. (4.6) reduce the number of free parameters from 13
to 5. We choose them to be those in eq. (4.4b). Thus, for any specific values of Mg, M,
w1, M3, tan 5, we can ask whether the entire set of equations admits a solution with all
couplings in the perturbative regime, and if it does, whether A\, and A\, unify at the grand
unification scale Qgur.

To be precise, we shall set the matching scale A = M,, and determine
Qcur by (5/3)Y2¢'(Qaur) = ¢(Qcur). We define “b-r Yukawa unification” by
Ao (Qcut)/A(Qaut) — 1| < 0.02 here, as it is generally difficult to have a larger GUT
threshold correction [13].

We further set Mgy = M, in this section for simplicity, since Mg does not play a
significant role in b-7 Yukawa unification. For several choices of tan 8 = 50, 10, 4, 2, we
scan M, between 10% GeV and 10'° GeV, and scan p and |M3| = — M3 within a factor of
50 from Mg, to search for solutions with b-7 Yukawa unification (no solution exists when
uMs > 0, see below).?
analysis, because additional GUT-scale input, namely gauge coupling threshold corrections,

We refrain from going beyond M, = 10'° GeV for the present

would be needed to precisely define Qaur. Also, larger mass ratios are disallowed so as not
to compromise the validity of our matching calculation, where all BSM fields are assumed
to have similar masses and thus integrated out together.

Figures 1 and 2 show points in the MSSM parameter space that allow consistent
matching of the MSSM onto the SMEFT and meanwhile realize b-7 Yukawa unification,
projected onto (log My, u/Ms) and (log M, |Ms|/Ms) planes, respectively. Different colors
(blue, yellow, green, red) are used for solutions with x; = (A; — pcot 8)/M, in different
ranges (—4 < xy < —vV6, —v6 < 2 < 0, 0 < 24 < V6, V6 < x; < 4, respectively).

10VWWe can fix the signs of u and Ms, keeping their relative sign, without loss of generality here, because
the MSSM Lagrangian is invariant under simultaneous sign change of p, M3 2,1 and Ay,g,e-
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Figure 1. Points in the MSSM parameter space that allow consistent matching onto the
SMEFT and meanwhile realize b-7 Yukawa unification, projected onto (log M, u/Ms) plane,
for several choices of tan 8. Blue, yellow, green, red points have z; = (A; — pcot8)/M; €
(=4, —V6), (—=v6,0), (0,v6), (V6,4), respectively. Empty circles represent solutions with
a gluino lighter than 2 TeV, potentially already in tension with direct LHC searches, depending on
decay kinematics.

We have quite conservatively considered a large interval (—4,4) for x4, keeping in mind
the caveat that z; values past maximal mixing £+1/6 (blue and red dots) may run afoul of
charge and color breaking vacuum constraints [53, 54]. In addition, points with |M3| <
2TeV, potentially already in tension with gluino searches at the LHC (depending on decay
kinematics, see e.g. [55]), are represented by empty circles in all plots.

An immediate observation from these figures is that b-7 Yukawa unification is achiev-
able for SUSY scales from TeV all the way up to (at least) 1019 GeV, with suitable choices
of mass ratios and tan . It is worth noting, though, that a large Higgsino mass pu > Mj
is always required for tan 8 < 10, which may be less preferable from the point of view of
fine-tuned electroweak symmetry breaking.

There are two issues that are key to understanding these results in more detail, which
we now discuss in turn.
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Figure 2. Same as figure 1, now projected onto (log M, |Ms|/M,) plane.

4.1 Matching of the Higgs quartic

First of all, it should noted that it is not always possible to match the MSSM onto the
SMEFT while satisfying the boundary conditions of eq. (4.6), for arbitrary choices of SUSY
parameters. This is largely due to the fact that the Higgs quartic coupling A is a derived
quantity in the MSSM, given by é(g2 + g'2) c%ﬁ at tree level. A threshold correction of just
the right size is needed for Aeg to match the low-energy determination, most importantly
from my = 125 GeV.

To see this explicitly, we plot in figure 3 the value of

AN =X — gt (4.7)

for each point in our sample of b-7 Yukawa unification solutions, evaluated at the matching
scale A = M,. For the most part of parameter space, this threshold correction can be
approximated by

AN = 0N f7f) 0N GFff)

Nc 4 273
W{Qyt (Ar — pcot B) T3

12

+% [y (At — pcot B)* + (yp tan B)* (1 — A; cot §)*] Ifc}

Ne 1 p\! 4002 2
6212 ybtanﬂM —i—yt((a:t—G) —36) ,

1

(4.8)
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Figure 3. Same as figure 1, now showing SUSY threshold correction for the Higgs quartic coupling,
defined as AX = X — Ao at the matching scale A = M.

see egs. (3.44) and (3.45). The dependence on z; in eq. (4.8) explains the existence of up
to four branches of solutions, separated by z; = —/6, 0 and /6.

Matching of the Higgs quartic essentially selects a range of /M, for any given Mj,
for which eq. (4.8) can possibly be of the right size with suitable choice of x;. Since
the required threshold correction increases logarithmically with the SUSY threshold scale,
and is meanwhile insensitive to tan 8 when cgﬁ ~ 1, the range of u/M; being selected

1/4 for tan 8 > 1. Of course, on each branch of z, part

roughly scales as cot 3 (log My)
of this range can be excluded by either lack of b-7 Yukawa unification, or a mass ratio
/Mg or |Ms|/Ms outside of the interval (1/50, 50). Nevertheless, the general trend of
/Mg ~ cot 3 (log M,)'/* is still visible in figure 1.

Another feature of the figures is that the available parameter space is cut off at low Mj.
Here the AX needed becomes too small to be achievable by eq. (4.8), which is bounded from
below, while maintaining a large enough threshold correction for the bottom Yukawa (which
is roughly proportional to (u/Mj)tan 3, see below). The issue is more severe at smaller
tan 8 because of a smaller \ ~ %(92 +4 2) 3 5 at any given A = M,. These conclusions are
perhaps more familiar when phrased as “raising the SM Higgs mass to 125 GeV requires
large one-loop corrections from heavy stops.” Here, instead of computing my, from the full
theory (the MSSM), we have taken an EFT approach, where mj, is computed from the
SM to fix Aesr, and the problem becomes matching Aeg with A with the right amount of
threshold correction. See also [56] for related discussion.
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Figure 4. Same as figure 1, now showing SUSY threshold correction for the bottom Yukawa
coupling, defined as &, = (y, — ys)/ysT at the matching scale A = Mj.

4.2 Bottom Yukawa threshold correction

Next, let us take a closer look at the SUSY threshold correction for the bottom Yukawa
coupling, which is a key ingredient for b-7 Yukawa unification. Our discussion in what
follows in this subsection is consistent with previous studies [57-60].
In figure 4 we plot
_ U9 =Y
0p = ———
ys"

evaluated at the matching scale A = M, for our sample of b-7 Yukawa unification solutions.

: (4.9)

We see that they correspond to a specific range of ¢, for any given M, with numbers ranging
from 10% to 60%.

At this point, it is worth emphasizing again that threshold corrections, which originate
from renormalizable operators generated in EFT matching, do not decouple as the EFT
cutoff is raised. In fact, as we see from figures 3 and 4, for both the Higgs quartic and
the bottom Yukawa, a higher M, calls for a larger SUSY threshold correction, in order to
compensate for a longer period of running in the SMEFT.

Returning to the issue of bottom Yukawa threshold correction, we note that for the
most part of parameter space, J; is dominated by contribution from the squark-gluino loop,

~ 2
- «(@dg) . 93 Yb SU(3 H 721
Gp = 0,1 = T30 20 ) < tan ,3) (Mng Ifg> ,

~ 4.10
1672 ygﬂ ( )
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see eq. (3.51b). Since if{(l; is negative-definite, a positive d; is only possible when pM;s < 0,
which explains our sign choice. We have checked explicitly that no solutions can be found
when the sign of either p or Mj is reversed.

The factor (MsMj i]%é) in eq. (4.10) only depends on the mass ratio. It is approximately

2
—% when |M;s|/M,; < 1, and —%; (log%‘:2 — 1) when |M3|/Ms > 1, with a maximum
absolute value of about 0.566 at |Msz|/Ms ~ 2.12. Thus, for any given value of (u/Mj) tan 3
that is sufficiently large, we expect to have two solutions for |Ms|/My — one on each side

of 2.12 — which lead to the same desired d;, (up to higher-order corrections from e.g. gluino
loop contribution to gz threshold correction). This degeneracy is clearly visible in figure 2,
especially in the high M; regime of the first three plots, where the range of u/Ms;, as
determined by the Higgs quartic matching condition, is narrow due to the z;-dependent
terms in eq. (4.8) becoming subdominant. For the tan 5 = 2 plot, on the other hand, only
a region near |Ms|/Ms ~ 2.12 survives because of a much smaller (u/M;)tan 5 (~ 100 as
opposed to ~ 200 for the first three plots, as can be inferred from figure 1).

In addition to eq. (4.10), there is a subdominant contribution to d; from squark-
Higgsino loop, which is responsible for some finer details of the plots. From eq. (3.50b)
we have

2
@x) _ AW H 2 721
oy V= 1672 o T <Ms tanﬁ) <Ms If>~(> . (4.11)

Comparing eqs. (4.10) and (4.11), we see that (51()ng) and (55)@@ have opposite (same) signs
when z; > 0 (2¢ < 0). Thus, higher values of u/M; are required for the z; > 0 branches
(ddg) 4 (3%
b b

(green and red) to compensate for the cancellation between § , 4s we can see

from figure 1.

5 Higgs couplings in TeV-scale SUSY

In the previous section, we have seen that b-7 Yukawa unification alone does not point to a
unique scale for the masses of superpartners in the MSSM. However, if in addition, we would
like the MSSM to provide a dark matter candidate in the form of the lightest neutralino,
that would be further motivation for TeV-scale SUSY. For example, two classic thermal
dark matter benchmarks are a ~1TeV Higgsino LSP and a ~2.7TeV wino LSP [61]. A
wider range of masses is allowed if the LSP is a mixture of bino, wino and Higgsino states
or if the sfermions do not decouple [62, 63], or if non-thermal production mechanisms are
at work. Therefore, we will broadly consider the 1-10 TeV regime for superpartner masses,
while remaining agnostic about the detailed cosmology of dark matter. We will focus on
precision Higgs coupling measurements as an indirect probe of TeV-scale SUSY, and discuss
how they can be complementary to direct superpartner searches at the LHC.

To compute Higgs coupling modifications, we follow the same numerical procedure as
outlined at the beginning of section 4. Now the 20 SMEFT parameters in eq. (4.5) should
be evolved down to Q = my, = 125.09 GeV, in order to compute dx; and dk, according to
eq. (2.11). As discussed in section 3.4, we shall focus on the scenario where Mg, the mass of
the second Higgs doublet, is relatively low. To be precise, let us first fix Mg = 1TeV, and
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allow M, and | M3 to vary between 1 TeV and 10 TeV. The Higgsino mass p is determined
by requiring exact b-7 Yukawa unification, i.e. \p(Qcur) = Ar(QcuT). Solutions may exist
on multiple branches of x;, in which case we find all of them.

Our results are displayed in figures 5, 6 and 7, for tan 8 = 50, 20, 8, respectively. For
each of the four x; branches, we show variation of dx; in the region of the |Ms|-M; plane
where a solution exists. Also shown in the plots are contours of /My (black) and z; (red
dashed) which, as we will see shortly, are the key quantities that determine the value of
d0Kp. In addition, light green contours represent p = 1TeV, corresponding to the Higgsino
thermal dark matter benchmark. Plots of 0k, (not shown here) exhibit the same patterns
of variation in the |Mjs|-M, plane, but with smaller overall sizes than dx; as a consequence
of Crg oc yr [y < yo/y™t.

From these plots, it is first of all interesting to see how large one-loop effects can be.
Indeed, as we have fixed Mg = 1TeV, a tree-level calculation would yield constant Cp
(and hence dkp) for given tan f3; see table 5. The patterns of dx; observed in the figures is
a result of interplay between tree- and one-loop-level contributions. They admit a simple
analytical understanding in the large tan 8 limit, where

Yb fff f
Chp =~ ngfe + w2 tanﬂ(cgggf) + cgd)fff))
)

Yo 2 2 tanﬁ 4 M 9
a2 [(g b -, <M> wi(a? — 6)] . (5.1)

at the matching scale A = M, (corrections from RG evolution down to @) = my, are not tan

12

enhanced and thus subdominant). We see that tree-level matching always gives a negative
contribution to Cje, and thus a positive contribution to ;. On the other hand, the one-
loop piece can have either sign, depending on the value of x;. On two of the four branches,
z; < —/6 and 0 < x; < V6, its contribution to Chg is negative, resulting in an enhanced
(positive) dkp. More specifically, for z; < —v/6 (upper-left plot in each figure), dx is seen
to increase monotonically with both u/M, and |x;|, while for 0 < x; < v/6 (lower-left plot
in each figure), dxp also increases with u/M;, but now exhibits a plateau around z; = V2
where —z(2? — 6) is maximized, in agreement with eq. (5.1). In contrast, the other two
branches feature a negative one-loop contribution to drp: for —v6 < a; < 0 (upper-right
plot in each figure), we have a suppressed but still positive dxyp, with the suppression being
more severe in regions with large p/M, and x; close to —v/2; for 2; > v/6 (lower-right plot
in each figure), one-loop correction becomes large enough in part of the parameter space
so as to make 0k negative, and, as expected, 0k tends to be smaller (more negative) in
regions with larger p/M, and xy.

Precision Higgs measurements — h — bb in particular — are most sensitive to regions
of parameter space with the largest |§xp|, which in most cases (all z; < —v/6 and 0 < 2; <
V6 plots, and x; > /6 plots for tan 8 = 50, 20 as well) are those with heavy sfermions
and light to intermediate-mass gluino, once b-7 Yukawa unification is stipulated. In these
regions, as we have discussed in section 4, b-7 Yukawa unification calls for relatively large
p/Ms to boost SUSY threshold correction for y; (recall 6 oc |Ms|/Mj for |Ms|/Ms S 2.12,

~Y
and larger dj, is needed for heavier sfermions), which in turn enhances one-loop contributions
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Figure 5. Variation of dk; in the region of the |Ms|-M; plane where a solution exists for exact
b-7 Yukawa unification, on each x; branch, with Mg = 1TeV and tan § = 50. Superimposed are
contours of /M (black) and x; (red dashed). Light green curves in the z; < 0 plots correspond to
the 1 TeV Higgsino dark matter benchmark. Direct superpartner searches probe lower mass regions
of the parameter space (with |Ms| < 2TeV potentially already excluded at the LHC depending
on decay kinematics), while precision Higgs measurements can be more sensitive to higher mass
regions where dky is enhanced by one-loop corrections.

to dkp according to eq. (5.1); meanwhile, there is a visible suppression of |dxy| for the largest
p/M, (hence smallest |M3|/M,) due to |z¢| approaching v/6 in order to match the Higgs
quartic (see eq. (4.8)).

In comparison, direct searches can most easily access the region of parameter space
with light squarks and gluino. Our results show a nice complementarity between direct su-
perpartner searches and precision Higgs measurements, as they probe the SUSY parameter
space from different directions.

To further demonstrate this complementarity, let us consider a scenario where the
gluino and sfermions are beyond direct LHC reach, even after the high luminosity phase [64,
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Figure 6. Same as figure 5, now with tan 8 = 20.

65]. We choose |M3| = 5TeV, My = 10 TeV as a benchmark, and allow Mg and tan S to
vary. The Higgsino mass p is still determined by exact b-7 Yukawa unification, and is not
a free parameter in this analysis.

Figure 8 shows plots of || in the Mgp-tan S plane for this benchmark scenario, on all
four a; branches. The LHC will be able to probe |dkp| ~ 10% [66, 67], corresponding to part
of the sub-TeV regime for Mg (red and orange regions). Meanwhile, direct heavy Higgs
searches can put stronger constraints in the high tan 8 regime. For illustration, we show in
figure 8 current exclusion limit from the ATLAS search in the di-tau channel [68] (the CMS
limit [69] is slightly weaker) and projected high luminosity LHC reach (up to Mg = 2TeV)
in the same channel from the CMS analysis [70] (dark solid and dashed curves, respectively),
both of which are reported assuming the “m}*°%* benchmark scenario” (see [71]).

On the other hand, a 0.5-1% level determination of the hbb coupling, as envisioned at
possible future Higgs factories (ILC, CLIC, CEPC and FCC-ee — see e.g. [72-74] for recent
studies), would extend the sensitivity to Mg potentially up to ~(2-4) TeV, even for lower
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Figure 7. Same as figure 5, now with tan g = 8.

tan 8, and beyond direct and indirect LHC reach. The existence of well-motivated sce-
narios, like trans-TeV SUSY with b-7 Yukawa unification studied here, which escape LHC
search but nevertheless can manifest themselves as modified Higgs couplings, highlights
the opportunity of BSM discoveries through precision Higgs measurements.

To close this section, we finally comment on the availability of a 1 TeV Higgsino thermal
dark matter candidate. From the figures we see that © = 1TeV (light green curves) can
only be achieved on the z; < 0 branches for tan 3 > 20.!' The z; > 0 branches cannot
support such a small Higgsino mass because of cancellation between the squark-gluino and
squark-Higgsino loops contributing to ¢y, as discussed below eq. (4.11). Meanwhile, when
tan [ is reduced, a larger p/M; is generally needed to obtain sufficient threshold corrections
for both A and y;,. The disappearance of the y = 1TeV curve is further accelerated by a
shrinking parameter space where matching of the Higgs quartic is simultaneously possible.

" The quantitative discrepancy between our conclusion and that of [13] is due to differences in the
matching calculation for the Higgs quartic. Our results are in good agreement with the more recent
calculation in [7].
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Figure 8. Contours of |dxp| in the Mg-tan 8 plane, for our benchmark scenario |Mz| = 5TeV,
M, = 10TeV, which will evade gluino and stop searches at the LHC. The Higgsino mass is de-
termined by exact b-7 Yukawa unification, for which solutions exist for tan 8 2 5. Dark solid and
dashed curves represent current exclusion limit (95% CL) and projected high-luminosity reach (95%
CL with 3ab~! at 14 TeV) from heavy Higgs searches in the di-tau channel at the LHC, reported
assuming the mz“OdJr benchmark scenario. Future Higgs factories, with 0.5-1% projected precision
for the hbb coupling, will be able to probe much of the parameter space displayed.

6 Conclusions

As traditional naturalness and weak-scale new physics are under siege, it is worth con-
sidering more attentively trans-TeV regimes. Here, effective field theory becomes the tool
of choice to accurately connect a vast range of BSM ideas to low-energy observation. In
this paper, we have focused on the specific case of the MSSM, and performed a matching
calculation onto the SMEFT. In particular, we computed the full set of renormalizable
operators of the SMEFT by integrating out heavy superpartners from the path integral up
to one-loop level, which allowed us to extract SUSY threshold corrections with ease.

— 49 —

¢8T(8T0C) SOdHHL



Our calculation highlights the simplicity of recently-developed functional matching
and covariant diagrams techniques. In fact, we were able to reproduce one-loop SUSY
threshold corrections for all SM parameters from just 30 covariant diagrams (shown in
tables 6 and 7), each of which is straightforward to compute. Essentially, we have taken
a more economic route than traditional Feynman diagram calculations, where just the
information needed for deriving the low-energy limit of the theory has been extracted from
the path integral. In the long run, it is hoped that these novel EFT techniques will aid
the program of (automated) precision calculation in trans-TeV supersymmetry, and other
BSM scenarios as well.

Taking unification as a key motivation for SUSY, we investigated implications of b-7
Yukawa unification on the MSSM parameter space, while remaining agnostic about further
details of the grand unified theory. The EFT approach we have taken allowed us to take
advantage of existing precision calculations within the SM, to ensure consistency with
low-energy observations, in particular my = 125 GeV. We found solutions that realize b-7
Yukawa unification for SUSY scales from TeV up to 10'° GeV, with suitable choices of
superpartner mass ratios and tan 3 (see figures 1 and 2). In this analysis, a key role is
played by SUSY threshold corrections to the Higgs quartic and bottom Yukawa couplings,
which, when forced to have the correct (finite) sizes (see figures 3 and 4), dramatically
constrain the predicted SUSY parameter space.

The lower edge of this broad trans-TeV window is further motivated by the possibility
of having a dark matter candidate. For superpartners in the (1-10) TeV regime, we showed
that one-loop matching contributions can drastically modify tree-level predictions for the
hbb (and also h7T77) coupling, rendering some regions of the MSSM parameter space with
heavier squarks more accessible to precision Higgs measurements (see figures 5, 6 and 7).

It is interesting to see that, even for superpartner masses out of LHC reach, precision
Higgs measurements can offer a powerful indirect probe of TeV-scale SUSY. For example,
in a benchmark scenario with a 5 TeV gluino and 10 TeV degenerate sfermions that realizes
b-r Yukawa unification, we showed that a 0.5-1% level determination of the hbb coupling
will be able to probe the heavy Higgs mass up to ~(2-4) TeV for a wide range of tan 3 (see
figure 8). This constitutes an unambiguous example of a motivated BSM scenario that
may only reveal itself through precision Higgs measurements of the future.
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A The MSSM U matrix

In this appendix, we present detailed expressions for the entries of the MSSM U ma-
trix needed in our one-loop matching calculation in section 3. They are obtained from
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the MSSM Lagrangian by the background field method explained in section 2.2; see
egs. (2.14), (2.15), (2.20) and (2.21). Keeping in mind that the U matrix is to be used
at one-loop level, we do not distinguish between 3 and ', and write 8 throughout. Also,
tree-level SUSY relations between couplings can be used regardless of scheme choice, e.g.
gaugino-sfermion-fermion couplings are identified with gauge couplings (which is true be-
yond tree level in DR but not MS scheme).

In what follows, the heavy Higgs field ® is understood as ®. obtained in section 3.2.
The other heavy fields do not appear because they are set to zero by the classical equations
of motion. We carefully keep all color and weak indices explicit for clarity, using 7 (A) and o
(I) for SU(3). and SU(2); fundamental (adjoint) indices on the conjugate fields to appear
on the left side of the U matrix, and j, B, (3, J for those on the fields on the right side. We
will not explicitly show the entries involving leptons, because they can always be obtained
from those involving quarks by the obvious substitutions ¢ — [, d = e, Ay — 0, Ag — Ae,
gz — 0.

A.1 R-parity-even block

Higgs-Higgs entries. From the MSSM Higgs potential, we obtain
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The other two entries Ugy and Uge can be obtained from Ugpe and Ugg by simply exchang-
ing ® <+ ¢, sg <> cg.

Higgs-fermion entries. From the MSSM Yukawa interactions, we obtain

_ BT _ Lt \E
Voo = [ 5 5(21@)\01 e €0 Vi M) (A.3a)
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The ¢f, f¢ entries (not needed in our calculation) can be obtained from the equations

above by simple substitutions Ay,cg — Aysg, Adasg — —Agcs.

Fermion-fermion entries. The Yukawa interactions also give rise to
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In addition, there are nonzero entries involving the SM gauge bosons, which are how-

ever not needed in our calculation.

A.2 R-parity-odd block

Sfermion-sfermion entries. From the sfermion-sfermion-Higgs interactions, we obtain

87 A (eg* 0
Uga = (Ausp — pcg) ( ‘ “é ?). )

5 AT (ed* 0
+<Aucg+u5ﬂ><f u(e®7). ) (A.8a)
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5 Au(c@)” 0 ) , (A.8b)

0 (),

57 A ¢, 0 s Al @, 0
U.- = (A _ © d e —(A i N T
qd ( dcp /,LSﬁ) ( 0 5; A’(I; qb*a ( dsg + /,LCﬁ) 0 5; A;Ii" Pra ’

(A.9a)

5/ Xag™’ 0 o/ Aa @0
Uig = (Aacs =1 Sﬁ)( 0 aiage,) e siage )

(A.9b)

Meanwhile, the scalar quartic interactions give rise to

S U 0 S U- 0 S U- 0
qu_<L Y T) UQT_(Z “arrs U=l (A10)
0 5]» Uq ; 0 (5j U11 0 5j Ud~

where
Uz = N |s3(610 — 606"
+5505(0 (37D + B* @) — . @™ — B8") + (6| — c1>“<1>*~’)}
IS [Cg 300" — 5505(3. 0" + B,6") + 52 <1>u<1>*3}
+g? 3 ol? [(s% — ) (¢70! - D! B) + 25505 (g0 D + @*aqu)]
192 YY) | (53— B) (10 — |01) + 25505 (6°® + 00| (A.11)
Uz = AuAl [s% 16]% + 5503 (7@ + D7) + ¢ ycbﬂ
g2 YoV [(5F = A) (191 — 10) + 25505 (6" + 070)] (A12)
Ug = AaX] |3 16 = spca (6@ + @7¢) + 55 |02

Y,y [(sg — 2)(16]? = [B]) + 25505 (67 + <I>*¢)] (A.13)

There are also off-diagonal entries between @ and d,

(6 A (ged) 0

Uﬁd - ( 0 53 (AdAL)T(¢*€q)*) ) (A14a)
(6 xa] (¢ ed¥) 0

Us. = ( : 5 (AuAL)T (5e0) ) (A.14D)
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Sfermion-Higgsino entries. From the sfermion-fermion-Higgsino interactions,
we obtain

808 NE en g U, AY —SIAT 4 —e, s AL 1y,
Ug = | g 00 0w ), U= S ds e (A5
ax (6(}3 w; Ay _5(; wél Ad X4 —eaB AZ qu _5(; )\L wdj ( )

T \B * c \J
Uss = ((¢q€)z‘, Ao 0 ) 7 Ueq = (Au(Q’Z)qE)a 0 ) : (A.16)

0 (@ﬁ)z AL 0 Au (%6);

0 —y¢¢ AT 0 —Ad Vg
U-. — - qif 7d U.:= : e A.17
dx (-1/)(33 AII 0 ) ) xd (-A; ((Izj(\, 0 ( )

Sfermion-gaugino entries. From the sfermion-fermion-gaugino interactions, we obtain

Usg = V293 (EZ?&;) : Usq = V2493 ((ngA)” (Tquq)N) . (A18)
Ugiy = V2 g% (EZ:%) : Ugrs = V2 g% (( eal)’’ (oqu)jﬁ) . (A.19)
Usp = V2g'Y, (%) : Uy =V24'Y, (%‘7 ’ ¢q]’3) : (A.20)
U= —V2g' Yy (1/’1;) : Upa = —V29 Yu (0 ts). (A.22)

(A.23)

Uiy va = Uav va

Higgsino-gaugino entries. Finally, from the Higgs-Higgsino-gaugino interactions,

we obtain
Ugr = U + U9 Uy = U8 + U3, (A.24)
with
9 _ 9.1 ('), Y _ 9 1, (o'®),
U>~<V~V = /3 2 (85 +cp) ((gb*a'/)“') V2 2 (85 —cp) (((I)*a")”’ ) (A.25a)
1 : 1
U‘(/{f}( = % 5 (85 + Cﬂ) (((ﬁ*aj) (0'1<Z5) 3) - % 5 (Sﬁ - Cﬂ) (((I)*Uj) (qu))ﬁ) ’
(A.25b)
P _ g1 (e’9)., g (c’®),,
U>2V~V = ﬁ 3 (85 —cp) ( ((b* /)“) + ﬁ 3 (sg +cp) ( (@*01)” ] (A.25¢)
1 1
Uih = =55 (s5 = c9) ((¢0")" ~(o"9),) - 55 (58 +es) (@) ~(s'@),),
(A.25d)
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S) gl ¢(1 _ gl _ o, A2
U)ZB - 85—1—05 (d)*a) 2 (85 C/B) Pro ) ( . 6&)

s _ 9 N .

Uéx) B Y¢ sp+cp) (¢ ) NG Yqb (sg —cp) (‘1> ’ %) : (A.26D)
Py _ 9’ o >,

Uss = ( c ) 5 Yo (55 +cp) (_q)*(,> ) (A.26c)
(P) — g *5 , *[3 )

Upe =~ %0 (55— cs) (¢ —9 f> - \ﬁ Yy (55 + cp) (<I> —<I>,3) : (A.26d)

B Master integrals

Our results for one-loop matching presented in section 3 are written in terms of master
an]nznj ny o I[ an]n,n] ny,
ij...0 ij
following decomposition formula,

i[qgnc]@?nj...nL _ "i_:l i 0 pi 1 I[anc]m—Pi
ij...0 . pi! 8M22 (MZQ)nL Ha;éi(A?a)na %

pi=0

) Z [ <8M2>pj - H;j (A?a)"“} I[anc]?a‘*PJ‘ +... (B.1)

J

integrals 7 lq /= 16-z- They can in general be evaluated via the

where A?j = M? - M]-Q. To derive eq. (B.1), we first recall the definition,

ddq qlﬂ o qMQnC _ ) 2m,. 1NN ...,
/ (2m)d (¢2 — M2)i(q2 — M2) - (?)ne grtene Zlg™ i o (B.2)
i J

where gH1-H2nc ig the completely symmetric tensor, e.g. g**P? = gl gP? + gHP "% 4 g7 g*P.
It is easy to see that

1

I[ancmi.%an _ F(I[qzm]g,ﬁgﬂ,...m _ I[QQnC]Zi:é,nj--.nL)’ (B.3)
ij
. 1 in; - i—Ln;
I[anC}ZF’?f)W”L _ W(I[anc]ZznjomL 1 I[anC]ZZW(},TLJ-..nL)’ (B4)
B .
szt e = T [Py (B-5)
7

Note that in principle, we can just start from 7 [qQ”C]Zi.%"'nL and use egs. (B.3) and (B.4)
repeatedly to reduce the number of propagators, until arriving at a sum of heavy-only
degenerate master integrals of the form Z[g?"] (recall Z[¢*"<]y* = 0), which cannot be
further reduced. However, the same result can be obtained via a more systematic and often

easier path, starting from applying eq. (B.5),

- 1 o\ 1 o \"!
2NNy .-nNL 2ne11l..np
I[q L’j...o - (nz o 1)| (aMZQ) (nj o 1)] <8M]2> ce I[q ]ij...O . (B6)
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The master integrals 7 [qQ”C];jl".'.gLL, where each heavy propagator appears only once, are

much easier to reduce via egs. (B.3) and (B.4) compared to the original master integral.

In fact, we can show that

1 1
Il = = JpgPrelle 4~ TigPneline 4
1 1
= Tlg*" ]} + Tlg*"<)j + ...
(MH"™ALAZAG ... C(M2)TAZ AL AR !
1 1
= Zlg*™]; + Il +... (BT
(MZQ)HL Ha;éi Azza ' (MJZ)nL Ha;éj A?a ’

Plugging eq. (B.7) into eq. (B.6) and taking derivatives according to eq. (B.5), we obtain

n 1 o \" 1
I[q2nc]ﬁ?n7'“nL = < > , I[q2"6]1
-0 (ni = DINOME ) (MZ)™ (AF)™ (A5)™ (AF)™ -+ l
1 o\ 1
T 1 l<8M2> L (A2 \i (A2 \Tk [ A2\ I[qznc]}
(nj —1)! j (Mj) (Aji) (Ajk) (Ajl)
+..., (B.8)
which can be easily seen to lead to eq. (B.1).
Eq. (B.1) allows us to decompose an arbitrary master integral Z [qQ”C]Zf%"'nL into a
sum of degenerate master integrals of the form Z[¢g*"*]!". For example,
1 0 1 1
I3 = — 5 ZIP°) + = |~ | 2P+ ———— Z[¢%)L . B.9
[q ]z]() MZQAZQJ [q ]z + aMlQ MZQAZQJ [q ]Z + M]2 (Ajzl)g [q ]] ( )

The degenerate master integrals 7 [q2nc]2m cannot be decomposed further in this way, but
can be worked out explicitly and tabulated; see table 7 of [22]. Here, we note that if n; > 2
and ne > 1, Z[g*™]! can in fact be further reduced using

1
2nc e 2(nc—1) 7'11'_1
Zlg™]; ni—1) Ilq [P (B.10)

which follows from the explicit expression

. i Yne—n; 1 N(5—2—nc.+mn;) (2 M?
Tlg2nel — M2 e 2 —— L B.11

% = % — v+ logdm with e = 4 — d, and @ is the renormalization scale. For example,
eq. (B.9) can be further reduced to

1 0 1 1
T1a21210 — 7! TP + ——— T[g%L. B.12

We therefore only list irreducible master integrals here. For n; = {1,2,3,4,5,6},

. 11 1 1
I =« M} (1 —log M7?), —log M7, — - B.13
i { F(1 = log M7), =log M7 oy s “oags soars 0 (B9
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while for n. = {1,2, 3},

. M? MS /11 M8 (2
I[q2nf]zl = { L (3 — 10g Mzz) ) : < - log Mz2) ) . <5 - 10g M12> } ’ (B14)

4 \2 24 \ 6 192\ 12

2

where we have dropped the % poles (as in MS and DR schemes), and abbreviated log %
to log Mf In cases where O(e) terms are produced from e.g. gamma matrix algebra, the
% pieces in the master integrals that have been subtracted off can be recovered by simply
replacing — log M? — % —log M?.

Using the formulas above, we can compute explicit expressions for the master integrals
appearing in our one-loop matching results in section 3. We list them in the following,
including also additional master integrals encountered when some of the heavy particles
are degenerate in mass (e.g. Z;} = M;im %),

F—M? K
I} = M2(1—log M?), 7% = —log M?, (B.15)
. 1 - 1 -
3 4 11 2
1; = —27]\4227 1; = 671\41-47 1y =1 —logM;, (B.16)
TP = —Stog M2, TP = ———r TP = —logM?,  (BAT)
! 4 ’ ! 12M? T8 4 !
- 1
I} =1 3g (MPlog M — M} log M), (B.18)
i
- 1 M? M2
I = - — —L5log—%, (B.19)
Ay (A?j) M;

12 = — S — 7 Jog —L (B.20)

i — L+ I log —L (B.21)
1) 2 3 2
2MP(AF)" (AF) M;
. M? —3M? 1
2121 __ 1 J 2 2 2 2 4 2
Il = — gz - AT [Mi (MZ —2M?)log M? + M}log M?|,  (B.22)
(%) ij
N M?+ M?  M?M?  M?
4(A%) 2(8%) ‘
. M? — 3M? M M?
I[P = —— L+ I —log —% . (B.24)
8(A%) 4(a%) M;
- M? M? M? M?2
FL1 I oo —d koo —k B.25
ijk A?]Agk 0og MZQ + AJQkAiZ 0og MZ2 ) ( )
2 2
P N [ U | a
P ARy M (ag
N M2 1 M} M? M2 M2
I[QQ}?jlkl - - 2 > 2 2 |: : 3 10 7J2 - L 2 log ];:| (B-27)
AAGAG A8 L(AZ)T T ME o (AZ)” M

In the equations above, we have used the notation A?j = Mf - M ]2
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Finally, let us also present some formulas that can be used to decrease n., because they
are often useful for simplifying loops involving fermions. When n, = 1, we can contract
both sides of eq. (B.2) with g,,,, to obtain

(4— &) TIPSy ™ = Ty ™ MR (B.28)
= ZPm ™ = T ™ (i > 1) (B.29)

Similarly, when n. = 2, we can contract both sides of eq. (B.2) with g,, 4,83, to obtain

ninj..n d? 2 M2 4 2M? ¢ — M
(24— 10e) Z[¢"]3; "y = / L 2(q 5 ?); T
(2m)* (¢* — M7)™i(q* — M) -+ (g*)™

= T o 24— M TIPS - METT

ij...0 ij...0
(ni > 2) .
(B.30)
Alternatively,
24 — 10€) Tlgdima-ne — ddq (q2 B Miz)(qz — MJQ) + (Mlz + Mj2)q2 — MEMJQ
( - e) [q ]ij...O - (27T)d (q2 _ M?)m(qQ _ M?)nj - (q2)nL
i J
=TT R (A=) (M4 M) TP - MM T
(ni, nj Z 1) .
(B.31)

C Comparison with Feynman diagram matching

Our results for one-loop SUSY threshold corrections presented in section 3.3, which are
obtained from computing just 30 covariant diagrams, have been cross-checked against con-
ventional Feynman diagram calculations reported in [4], with full agreement found. In this
final appendix, we explain how this comparison is made.

The general procedure is as follows. From [4], we obtain analytical relations between
the full theory parameters g3, g, ¢, yy, m? and \ (related to MSSM Lagrangian parameters
via eq. (3.29)) and the standard set of SM input observables (denoted with hats) &s(myz),
my, G F, Gem, My and 7y, computed via Feynman diagrams up to one-loop accuracy (we
consistently drop higher loop order corrections, some of which are also reported in [4]). The
same relations, with BSM contributions removed, define the corresponding effective param-

eters g$t, g°ff, ¢/ off

, y;iﬁ, mgff and A in the SMEFT, up to power-suppressed corrections
from d > 4 operators. One-loop threshold corrections are then obtained by comparing the
two, which should agree with what we have found via the more elegant covariant diagrams
approach. Note that the tadpole-free scheme for Higgs vevs is adopted in [4], so their re-
sults should be compared to ours when Lgygpr is written in terms of 5 (as opposed to 3),
i.e. when the one-loop-generated piece coy(Pk¢ + ¢*®.) has been absorbed into L&pr-

Let us start with the strong coupling g3, which is simply extracted from d&s(my) via

A dis(my)

T (C.1)

93 =
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Therefore,

1 SUSY
eff
95 =93 [1 - 5(8as) o) } : (C.2)

where, according to [4],
SUSY g (1 :
_ 3 E E 2 2
—u,d i—

gg L, = 1 2 2 v?
= 167r2[6(2Iq+za+1d)+2zg+0(ﬂ)}, (C.3)

v2

with summation over three generations implicit. The 57 power-suppressed terms come
from electroweak symmetry breaking contributions to squark masses, and are not relevant
here. For simplicity, throughout this appendix, we denote non-power-suppressed terms as
O(1) (as in eq. (C.2)) although they are formally (9(16%) when loop counting is also taken
into account. It is readily seen that eq. (C.3) is in agreement with our §Z¢ in eq. (3.62a).

Next, to extract electroweak gauge couplings g and ¢’, we recall the relations

Qem 9 9 TQ
o= , CpSy = = , C4
1- Aa O VamZ Gr (1 — Ar) (€4
where - . )
II II
Ar = WW(O) — Re ZZ(;nZ) + ovB . (C5)

2
myy my
Here, H%;,W(pz) and ng(]ﬁ) are transverse parts of the W and Z se}f—energies, which
represent “universal” contributions to u= — e~ 7.v, which determines Gr. On the other

hand, dyp contains non-universal contributions from vertex corrections, box diagrams, and
wavefunction renormalizations. Only the universal part of Ar, i.e.

HT HT 2
Ap = WW(O)_Re Zz(mz) (C.6)

u = 2 2
myy my

is relevant for g, ¢’ threshold corrections, because dyg has an EFT counterpart in terms of
local effective operator contributions to muon decay. Thus, from eq. (C.4),

e eff
o= a1 ()R], (cfsh)" = cisp [1 - (AFEY - (ar)FE ] )

The QED coupling and weak mixing angle can be directly translated into SU(2)z, x U(1)y
gauge couplings via 4ra = gsg = ¢g'cy. We therefore obtain

. 11
9329{1‘1‘22_82[53 (Aa)%[ff’)yﬂﬁ (Aru)%[fls)Y }
0~ S0
el sy v b ( Lo - Suz,ms) 1) s
= ——5——5|$ Q 5| = - — m , (C.
g 205—53 0 0(1) 0 2 72 WwW g2 zz\Mz o)
iy 1 1
=g f1- s deas s ans])
€ — Sp
— 4?1 1 1 Q(A )SUSY_|_ Qi 1HT (0) éHT ( 2) SUSY (C 9)
=49 263_83 € \2Y)o(1) T80 3 2w g2 2z my o) . .
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The SUSY part of the self-energies H%},W and ng are to be expanded in powers of 1%22
Analytical expressions of these and other self-energies to appear below can be found in [4].
They are rather tedious and will not be displayed here.
Then, moving on to Yukawa couplings yr, we note that
1 2f(mf))
my=—=ysrv|1l—Re——=], C.10
= e (.10

mg
where ¥;(p) is the fermion self-energy, and the light Higgs vev v is extracted via

m2Z + Re HEZ(mQZ)

2
v =4
92+g12

(C.11)

In the SMEFT, it is 0, the vev of the canonically normalized light Higgs field dA), that is
extracted via this procedure,

(geff)Q + (g/eff)2
With egs. (C.8) and (C.9), it is easily seen that
nz SUSY
0% =02 [1 - (W) } : (C.13)
W
Therefore,
SUSY SUSY T SUSY
v =y [1 B (Ef(mf)> ] oy [1 _ (Zf(mf)) L1 (HWV;’(O)) ] .
v my /o) my o Joay 2\ My o
(C.14)

When cross-checking with our results, it is worth noting the following correspondence
between the terms in eq. (C.14) and those in eq. (2.6) (using f =t as an example),

» SUSY » SUSY 1
<t(m’5)> - %7 <t(mt)) :7(5Zq+6zu)7
my O(1), Bg part Yt my O(1), By part
(WV;/( )> = 07, (C.15)
m
w oO(1)

where By and B; are different loop integrals that appear in ¥ .
Finally, we discuss the Higgs potential parameters m? and A. The minimization con-
dition of the 1PI effective potential,

1 t
0= p?+mf, —beot 8 — —(g° + g”*)capv® — =
8 Uy,
1 t
=+ m%]d —btan 5 + g(g2 + g% eagv? — v—d (C.16)
d

allows us to eliminate p? + m%{u and p? + qud in favor of v and . From eq. (3.29) we see

that m? and X are related by
9 1

th th
m? = g 4 i ch by = — (g + P+ = a2 B
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where ; bt st ; ;
s c
ho Pt P g gl (C.18)

v v Uy Vg

To extract them from my,, we write the tree-level mass matrix squared in the (H,,, Hy) basis,

beot B + 2X\vie; 282 + fu —-b— 2)\1)2072%05
M2, = < 2000 2 . (C.19)
—b — 2X\v? cwsﬁcg btan 3 + 2\v? c%cﬁ +
Therefore,
I, II t
m} = smaller cigenvalue of M7 — | | = 2xp? + T, (C.20)
Mya aa v
where Il y4,4q are one-loop self-energies of the Higgs doublets H,, H,, and
11, = S% 1L, + c% IIgq + 2sgcg g . (C.21)

From eq. (C.20) we obtain

2 1/ SUSY T (o)) SUSY 1 /4 SUSY
)\eff:)\f)z‘i‘(j_nhh) :)\[1+<WMQ/()) }‘F(;—Hhh) ;

20? O(v?) my /) oq) 20? O@?)
(C.22)
and then from eq. (C.17),
th SM 1 th SUSY
mgﬁ = —)\eff 172 —+ <’U — Hhh) = m2 _ 5 (3 ; — Hhh>O(A2) . (023)

Note that while both % and I, contain O(A?) terms, they cancel in the combination
. — I, appearing in eq. (C.22). The subleading O(v?) terms needed here come from
both expanding the loop integrals involved up to next-to-leading order, and electroweak
symmetry breaking contributions to superpartner masses. Also, note the different notation

adopted in [4] tl,? - td,u) H5151,8152,8252 - Hdd,ud,uu-
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