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We apply effective field theory methods to compute bino-nucleon scattering, in the case where tree-level
interactions are suppressed and the leading contribution is at loop order via heavy flavor squarks or
sleptons. We find that leading log corrections to fixed-order calculations can increase the bino mass reach
of direct detection experiments by a factor of 2 in some models. These effects are particularly large for the
bino-sbottom coannihilation region, where bino dark matter as heavy as 5-10 TeV may be detected by near
future experiments. For the case of stop- and selectron-loop mediated scattering, an experiment reaching
the neutrino background will probe thermal binos as heavy as 500 and 300 GeV, respectively. We present
three key examples that illustrate in detail the framework for determining weak scale coefficients, and for
mapping onto a low-energy theory at hadronic scales, through a sequence of effective theories and
renormalization group evolution. For the case of a squark degenerate with the bino, we extend the
framework to include a squark degree of freedom at low energies using heavy particle effective theory, thus
accounting for large logarithms through a “heavy-light current.” Benchmark predictions for scattering cross
sections are evaluated, including complete leading order matching onto quark and gluon operators, and a
systematic treatment of perturbative and hadronic uncertainties.
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I. INTRODUCTION

Decades of technological advances and increased detec-
tor sizes have led to impressive projected sensitivities of
ongoing and future dark matter (DM) direct detection
experiments [1-4]. For DM with mass 10> — 10* GeV,
the LUX-ZEPLIN (LZ) experiment is projected to reach
cross sections as small as o5 ~ 10747-107*% c¢m?, tantaliz-
ingly close to the neutrino background, residing at cross
sections an order of magnitude smaller. As these experi-
ments extend their reach, they will push through a number
of important benchmarks in the hunt for weakly interacting
massive particles (WIMPs).

Current experiments are in fact already probing rates
several orders of magnitude below “weak-scale” cross
sections: constraints from LUX and XenonlOO reach as
low as og; ~ 107 cm?, while a simple estimate suggests
that the spin-independent (SI) scattering cross section
through the Z boson is og; ~ 1073 cm?. The scattering of
a WIMP on nucleon targets, however, depends strongly on
its identity. While a scalar electroweak doublet has a large
cross section through the Z boson, Majorana fermions have
no vector coupling, and the axial-vector interactions either
are v” suppressed or lead to spin-dependent (SD) scattering.

At tree level, this leaves scattering through the Higgs
boson as the process for leading SI interactions. For
neutralinos, the size of the scattering through the Higgs
boson depends on its electroweak composition. Triplet
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(“wino”), doublet (‘Higgsino”), and singlet (“bino”) states
mix with each other, allowing the lightest stable neutral
WIMP, y, to couple to the Higgs at tree level: 4,hyy.
This gives rise to a typical scattering cross section

o1~ (£5)71074 cm?. Thus, the currently running and next
generation ton-scale experiments are probing tree-level
“Higgs-interacting” massive particles.

Pure electroweak states (wino, Higgsino, or bino),
however, do not couple to the Higgs at tree level. For
these cases, the evaluation of direct scattering of the lightest
electrically neutral state on nucleon targets requires the
analysis of loop amplitudes at leading order. Assuming
weak-scale mediators, a simple estimate of the scattering
cross section is given by og; ~ agmy /mS ., ~ 107 cm?,
where my, is the nucleon mass and m, ~ 100 GeV. The
prospects for wino and Higgsino dark matter, however, are
challenged by an accidental cancellation between ampli-
tudes, leading to cross sections smaller by a few orders of
magnitude [5-8]. For the wino, the cross section was found
to be og; ~ 107* cm?, while for the Higgsino, the can-
cellation gives rise to an unreachably small scattering cross
section. Nonetheless, it is remarkable that in some cases,
while the tree-level cross section may be absent, ton-scale
direct detection experiments are becoming sensitive to one-
loop interactions.

Similar to the wino and Higgsino, bino scattering
through the Higgs boson vanishes at tree level. If heavy
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FIG. 1. SI nucleon cross sections from tree-level Higgs and

squark exchange in the Higgsino and sdown mass plane for a bino
mass of M; =500 GeV and tanf = 5. The labeled contours
correspond to values of log;y(os;/cm?), while the vertical black
dashed line denotes the precise value of u at which the lightest
neutralino’s coupling to the Higgs vanishes at tree level.

flavor squarks or sleptons are nearby in the spectrum,
however, loop processes are induced. In this case, prospects
for detection are improved through direct coupling to
colored scalars. The interplay of a number of effects, such
as power suppression if the new states are heavy compared
to the electroweak scale, enhancement from on-shell poles,
and sizable mixing between colored scalars, could impact
this. We assume that light flavor squarks and the Higgsino
are decoupled from the low-energy spectrum since tree-
level amplitudes would otherwise dominate over loops. To
quantify the degree to which these must be decoupled,
we show in Fig. 1 the SI cross section as a function of
the Higgsino mass y and the sdown mass m; , when the

lightest supersymmetric particle (LSP) is a binolike neu-
tralino that interacts with the Standard Model (SM) Higgs

and a right-handed down squark (EZ r)- Sufficient decou-
pling occurs when the leading order scattering rate in Fig. 1
drops below og; ~ 107 cm?.

Processes relevant for one-loop bino scattering cross
sections and related simplified models have already been
considered in the literature [9-20]. At the same time, a great
deal of effective field theory (EFT) machinery has recently
been developed for systematically integrating out heavy
particle thresholds and running Wilson coefficients to the
low scales characteristic of the processes in direct detection
experiments [21-23]. Our aim is to apply these techniques,
focusing on QCD effects, to the case of bino DM where the
SM is extended with a Majorana gauge singlet, and a few
sfermions with the same quantum numbers as either left- or
right-handed quarks or leptons.

We capture a number of effects that have been previously
neglected. First, we are able to systematically incorporate
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the multiple scales involved in direct scattering, accounting
for potentially large contributions, ~a,log gfcv. Second,
we are able to include additional states at low energies,
beyond those of ng-flavor QCD. For example, when the
mass difference between the bino and sbottom is much less
than the weak scale, both are active degrees of freedom at
low energies, and we use heavy particle techniques to
describe their interactions with soft bottom quarks. Third,
we are able to assess the uncertainties from both higher-
order perturbative corrections and hadronic inputs.

In addition to incorporating renormalization group
evolution (RGE), we also go beyond previous fixed-order
computations that have focused on the parameter space for
either purely left- or right-handed sfermions. We explore a
larger part of the minimal supersymmetric standard model
(MSSM) parameter space by considering the impact of
mixing between left- and right-handed third generation
squarks. We also perform a complete leading order match-
ing at the weak scale, considering contributions such as the
spin-2 gluon operator (significant when a sbottom is close
in mass to the bino), and the anapole operator from photon
exchange.

While we adopt the nomenclature and explicit couplings
of the MSSM for definiteness, key components of our
analysis, such as the results for loop amplitudes and RGE
solutions, are generic and can be readily applied to inves-
tigate the phenomenology of other models that incorporate
interactions of DM with scalars charged under the SM. For
example, many of the effects considered here may also be
applied to the case of suppressed tree-level scattering (“‘blind
spots”), where loop corrections are necessary to mean-
ingfully compare theory and experiment [24-27].

The remainder of the paper is structured as follows. In
Sec. II, we review the standard fixed-order approach in the
literature for determining amplitudes for WIMP-nucleon
scattering. This lays the groundwork for the effective theory
framework described in Sec. III. There we discuss the
factorization of the scattering amplitude into contributions
from the relevant physical scales and illustrate the tech-
niques for matching, renormalization, and coefficient
evolution by presenting three detailed examples of increas-
ing intricacy: a bino coupled to (i) a right-handed stop, (ii) a
heavier right-handed sbottom, and (iii) a nearly mass
degenerate right-handed sbottom. The reader interested
in the phenomenological results may go straight to
Sec. IV, where we evaluate cross sections for models with
stop, sbottom, and slepton mediators. The most promising
case for detection is a bino interacting with a nearly
degenerate right-handed sbottom: a bino as heavy as
10 TeV may be detected at LZ if the mass splitting is a
few GeV. On the other hand, a bino nearly degenerate with
a right-handed stop is only detectable above the neutrino
background for masses below about 500 GeV.

We collect the technical results in the Appendixes. In
Appendix A, we set up our conventions for the sfermion
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mass matrices, as well as the DM-fermion-sfermion inter-
actions. Appendixes B and C contain the hadronic form
factors and the running and matching matrices employed in
our numerical analysis. In Appendix D, we present details
of the Wilson coefficients for all relevant amplitudes, such
as tree-level sbottom exchange, one-loop Higgs, Z, and y
exchange, one-loop diagrams involving charged electro-
weak gauge bosons, and one-loop contributions to the
gluon coefficients. We compute these keeping all fermion
and sfermion masses explicit, and allowing for left-right
sfermion mixing. We note for each diagram where our
results differ from previous literature.

II. FIXED ORDER APPROACH TO
WIMP-NUCLEON SCATTERING

Amplitudes for WIMP-nucleon scattering involve energy
scales that span several orders of magnitude, ranging from
the masses of the new particles and the mediating SM
particles (2100 GeV) to the scales of heavy quark thresh-
olds and of hadronic physics (21 GeV), and the typical
momentum transfers relevant for direct detection (~MeV).
A standard approach in the DM literature is to determine
these amplitudes at “fixed order,” treating this broad range of
physical scales at a single scale. In this section, we review
this matching procedure between the full theory of the SM
and its extension, specified at high energies £ 2 100 GeV,
and an EFT for WIMP-nucleon scattering, specified at low
energies £ 2> 1 GeV.

At high energies, E 2 100 GeV, the basic interaction

that we consider is of a single sfermion (]~” ) with a bino LSP
(v) and a SM fermion (f), adopting the following notation:

LD ff(as+pB7°)x+He. (1)

The couplings ay, ff; are parametrized in terms of the SM
hypercharge coupling ¢’ and the sfermion mixing angles of
Egs. (Al) and (A7). To simplify the discussion in this
section and the next, we illustrate general methods for the
case where } constitutes a single right-handed stop or
sbottom and f the corresponding top or bottom quark,
assuming the theory in Eq. (1) is defined at the weak scale
~100 GeV. The impact (from RGE) of considering cou-
plings defined at an even higher scale is illustrated in
Sec. IV B. Examples pertaining to mixed stops and sbot-
toms, and sleptons, are treated in a similar way, and we
discuss them in Secs. IV C and IV D.

The hadronic matrix elements necessary for describing
WIMP-nucleon scattering are determined, e.g., from lattice
measurements, at low energies £ ~ 1 GeV, in a theory with
three quark flavors. At these energies, an effective theory
captures the interactions of the WIMP with the degrees of
freedom of 3-flavor QCD. For the bino, a gauge-singlet
Majorana fermion, a set of operators for low-velocity
scattering, is
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where the relevant QCD currents are

0 2w oL
0y = (G O™ = —GMiGM, g™ (Gly)™,
(3)

with G;‘D the gluon field strength and d =4 —2e the

spacetime dimensions. We adopt the notation D_ = D-
D and AW“BY = (A*BY + A¥B#)/2, and have neglected
operators that lead to kinematically suppressed contribu-
tions. Leading order SI scattering is given by the scalar

(0') and spin-2 (O1)*) quark and gluon currents, while
leading order SD scattering is given by the quark axial
current (Og] ). We neglect the operator ' xar g
involving the quark vector current, which leads to SI
scattering that is power enhanced relative to the scalar
and spin-2 contributions, but is velocity suppressed. We

have reduced the operators to a linearly independent set;

e.g., the operators ;'(i@,,yy)(O(qz,{)]”” and ;'(i@,,iﬁy)(Oéz,},”” are

redundant in the forward scattering limit. We ignore flavor
nondiagonal operators, whose nucleon matrix elements
have an additional weak-scale suppression relative to those
considered. We will not be concerned here with operators
involving leptons.

In the standard fixed-order approach, the full theory in
Eq. (1) is matched onto the effective theory in Eq. (2), by
integrating out the sfermion f, the gauge bosons Z, W¥,
the Higgs h, the Goldstones G, G*, and the heavy quarks
t, b, c, altogether at a single scale. The matching condition
for the case of a right-handed stop or sbottom (denoted as
f) is shown in Fig. 2. The leading contributions to the
quark and gluon coefficients are at O(a?) and O(a,,a,),
respectively.

Once the Wilson coefficients are determined, the had-
ronic matrix elements are evaluated. We adopt the defi-
nitions and values from Sec. IV of Ref. [22] for the hadronic
matrix elements of the QCD currents in Eq. (3). For
completeness, we collect their definitions here:
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FIG. 2. Matching conditions for a fixed-order calculation. Charge-reversed diagrams are not shown. Here, f denotes a right-handed
stop or sbottom, and g refers to the quarks of 3-flavor QCD. In the bottom line, the ellipsis denotes similar diagrams where the insertion

of the gluon legs vary (see Appendix D 6).

0 0
(NJOY Ny = my 2,

—9a,
220U (10 (1) V) = m £ ).

(N0 () IN(k)) = s £ (),
VIO (N () = 1 (et = g )10

(4)

where N = p, n for proton or neutron, i = ¢, g for quark
or gluon, and the spin vector s# = ii(k)y*y u(k) satisfies
k-s =0 and s> = —1, assuming nonrelativistic normali-
zation for the spinor u(k).

The axial form factors, f E,lz)v are extracted from hyperon
semileptonic decay, from vp scattering, or from observ-

ables of polarized deep inelastic scattering. The scalar

quark form factors, f 5;,)1)\/’ are extracted from lattice mea-

surements, while the scalar gluon form factor is obtained
through the leading order relation [28]

=1- Y 1%+ 0a)). (5

q=u,d,s

~—

The quark and gluon spin-2 form factors, fﬁf,{,, ff,)v, are

extracted from the second moment of parton distribution
functions (PDFs). In Appendix B, we collect the values
employed in our numerical analysis.

These nucleon matrix elements, together with the Wilson
coefficients, define the SI and SD amplitudes

MSI.N_mN{ z |:f(q])\/ +7 f ]

q=u,d,s

8
97511)v§+f }

Z quCq ’ (6)

q=u,d,s

MSDN

and, finally, the cross sections for SI and SD scattering on a
nucleon target are obtained,

m,m 2
Os1 = % (ﬁ) |MSI.N|2,
4 N

2
Osp = E <meN> |Msp.w|*. (7)
To\m, +my

This is a straightforward strategy for determining
WIMP-nucleon scattering cross sections, with, however,
limitations that motivate a more thorough analysis.
First, there are potentially large perturbative corrections,
~a, log ¢y, inherent in treating a multiscale process at a
single scale. For example, while the Wilson coefficients are
determined at the weak scale employing a,(~100 GeV),
the leading order scalar gluon form factor in Eq. (5) is
subject to sizable corrections due to the large size of
a,(~1 GeV). Second, determining higher order corrections
in a fixed-order framework is difficult; e.g., at next-to-
leading order (NLO) two- or three-loop amplitudes are
required. Theoretical control of perturbative corrections
would allow us to estimate their numerical impact, and in
the event of a detection, to systematically improve pre-
dictions for WIMP-nucleon scattering. In the next section,
we lay out the effective theory framework to deal with these
issues head on.

III. EFFECTIVE THEORY APPROACH TO
WIMP-NUCLEON SCATTERING

As mentioned in the previous section, WIMP-nucleon
scattering involves a multitude of physical scales, and the
separation between the weak scale, ~100 GeV, and the
hadronic scale, ~1 GeV, may lead to large uncertainties
when employing the fixed-order framework. In this section,
we discuss the “effective theory” approach, which factor-
izes the scattering amplitudes into contributions from
different physical scales by constructing a sequence of
EFTs from the weak scale down to the hadronic scale and
connecting them through RGE and matching. This allows
for the separate analysis of perturbative corrections at each
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FIG. 3. In the fixed-order approach (left), the full theory is

directly matched onto the low-energy theory with 3-flavor QCD.
In the effective theory approach (right), the full theory is matched
onto the low-energy theory with 3-flavor QCD by systematically
passing through a sequence of effective theories defined at the
weak scale (4, ~ m;), the bottom mass scale (y;, ~ m,,), the charm
scale (4, ~m.), and the hadronic scale (uy~ 1 GeV). The
matching and running between these effective theories are
discussed in the main text. If the mass splitting between a
sbottom (};R) and the bino is much smaller than the weak scale,
then the effective theory setup is modified to include a heavy
sbottom field Z;qu, accounting for sbottom-bino interactions at
low energies. The subscript v denotes a heavy particle field as
defined through the field redefinitions in Egs. (9) and (21).

energy threshold and for the resummation of large loga-
rithms, e.g., ~a, log+ gév.

This framework is depicted in Fig. 3. To further elaborate
on its general features, let us present the corresponding
factorized amplitude, and briefly discuss its components in
turn; a more detailed discussion is given in the subsections
below. In the EFT approach, the scattering amplitude is

determined as

M=FT (o) R (o )M (s )R (e pt )M (i, )R (s, 1, )€ (1)
(8)

where the renormalization scales u,, up, M., and pug
correspond, respectively, to the weak scale ~m,, the bottom
quark threshold ~m,, the charm quark threshold ~m,., and
the hadronic scale ~1 GeV, where nucleon matrix elements
are defined. The vector ¢(u,) collects the Wilson coef-
ficients determined at the scale y, by integrating out weak
scale degrees of freedom and matching onto a theory with
five quark flavors. The matrix R(u,,, ;) implements coef-
ficient running from y, down to y,,, while the matrix M ()
implements coefficient matching across the bottom quark
threshold, between the theory with five and four quark
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flavors. The matrices R(u,, ) and M (p.) are analogously
defined, implementing running in 4-flavor QCD and match-
ing across the charm quark threshold. Finally, the coeffi-
cients are run down to the hadronic scale in 3-flavor QCD,
using R(ug,p.), and the matrix elements are evaluated
through multiplication of the (transposed) vector f7 (u),
which collects the form factors f, , defined in Eq. (4).
Clearly, Eq. (8) has separation of scales, with compo-
nents ¢(u,), M(up), M(u.), and f(uy) depending only on
scales of a similar order. The logarithms in the amplitude
are resummed through the RGE factors R, and additional
perturbative corrections to each component can be sepa-
rately and systematically analyzed without having to
evaluate the whole amplitude at higher loop order. Note
that a; logz—f does not constitute a large logarithm, and

hence integrating out the bottom and charm quarks at a
single scale would suffice. Nonetheless, since a, (1 GeV) is
sizable, higher-order corrections may have significant
impact, and we may conveniently employ known results
for the matrices M (p;,), M (u..), and R to include them.
Note also that the PDFs relevant for the spin-2 matrix
elements defined in Eq. (4) are available at a high scale,
e.g., O(100) GeV, and thus allows us to evaluate the
amplitude without running down these Wilson coefficients
to a low scale. The running, however, would be relevant for
relating the spin-2 current to low-energy effective DM-
nucleon contact operators (see, e.g., Refs. [29,30]) and for
including the impact of multinucleon effects (see, e.g.,
Refs. [31,32]). In the present analysis, we RG evolve all
Wilson coefficients as a default but have checked that our
results are consistent, up to uncertainties, with an evalu-
ation at the high scale. We find that the additional
perturbative uncertainty from running the spin-2 coeffi-
cients increases the overall uncertainty by less than 10%.
The factorization in Eq. (8) is a general result of our
effective theory analysis, and in the following subsections
we provide further details on each of its components.
Section III A considers formalism for representing the
relevant degrees of freedom in the low-energy theory and
for matching at the weak scale y, ~ m,. In Secs. III B, Il C,
and III D, we go into explicit detail by applying the effective
theory framework to three examples, classified according to
the mass, m , of the fermion partnered to the sfermion, and
the mass splitting, 5J;. = my —m,, between the sfermion and
bino. Case I considers my 2 u, and arbitrary 5}, case II

considers m <y < 5}" and case III considers 6}., my << .
These examples illustrate, in increasing complexity, the key
ingredients of the effective theory framework. Case I goes
through the basic computational pipeline involving the
components ¢, R, M, and f of Eq. (8). Case II presents
an example where nontrivial renormalization of the bare

coefficients arises. Finally, for case III, a heavy sfermion

field ]NCU (denoted as b r.» 10 Fig. 3) is included in the low-
energy theory to account for sfermion-bino interactions.
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A. Integrating out the mass but not the particle

A key step in the effective theory approach involves
integrating out weak scale degrees of freedom by matching
onto a low-energy theory of the bino y and the quarks and
gluons of 5-flavor QCD. In this procedure, the gauge,
Higgs, and Goldstone bosons, as well as the stop and top,
are integrated out. However, the bino, despite having a
weak scale mass, m, 2 100 GeV, is not integrated out—the
goal of calculating a WIMP-nucleon scattering cross
section requires that it is kept in the low-energy theory.
Moreover, the same applies to a sbottom whose mass is
close to that of the bino: despite m; ~ m, 2 100 GeV, the
sbottom should not be integrated out since the bottom
quark is an active degree of freedom in the low-energy
theory and bino-sbottom interactions are thus allowed.

How do we integrate out the mass of a field without
integrating out the field itself? The idea is simple and can be
pictured by considering the following parametrization of
the bino momentum at low energies: p* =m,v" + k*,
where ©* is a reference timelike unit vector and
k' < m,v*. The interactions of the heavy bino with the
much lighter quarks and gluons of 5-flavor QCD involve
only soft momenta of O(k*), while the large momentum
component m, ¥, corresponding to its mass, plays no role
and can be integrated out. This procedure is formally
done by going from a relativistic description of the field
to a “heavy particle” description, order by order in the
small parameter |k|/m,. The technique is called
“heavy particle effective theory,” and it is known from
applications for heavy quark physics (for a review see,
e.g., Ref. [33]).

We may pass from a relativistic to a heavy particle
description for the bino (Majorana fermion) by making the
field redefinition

x = V2T (g, + X)), ©)

where the spinors obey #y, = y, and #X, = —X,,. In terms
of the momentum decomposition discussed above, the
phase e~"+V* extracts the large momentum component
m,v*. Upon introducing this field redefinition into the
kinetic term 3 7(i& — m, )y, we find that the component X,
has mass 2m,, and is thus integrated out, e.g., at tree level by
solving its equation of motion. The remaining component
¥, describes the heavy bino degree of freedom with the
(canonically normalized) kinetic term jy,iv - Jy,, depend-
ing only on the soft momentum k*. The Majorana condition
x =y allows us to write the field redefinition (9) alter-
natively as

£ = V2 (s + X, (10)

where charge conjugation is denoted by w¢ = Cy* with the
unitary and symmetric matrix C obeying C'y#C = —y**.
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This implies an invariance of the heavy particle Lagrangian
for y, under the simultaneous transformations [34,35]
N AT (11)

This invariance and the form of the field redefinition in
Eq. (10) will be useful in Sec. I D for considering the
interactions of a heavy bino with a heavy sbottom.

Instead of introducing the field redefinition (9) into a
basis of relativistic operators, we may also proceed in the
spirit of effective theory, employing building blocks to
directly write down low-energy operators consistent with
symmetries. For our low-energy theory, the building blocks
are the usual relativistic degrees of freedom (quarks and
gluons), the reference vector v#, and the heavy bino field
¥, Thus, for a Majorana dark matter particle whose mass
satisfies m, > m,,, the basis of operators describing its
interactions with 5-flavor QCD is

0) - 0 1) - 1
£, /2= > A 70,00 + i nrikrin, 00"

q=u,d,s,c.b

2)— 2\uv 0)— 0
+ e P2x00,0,00" Y + 702,08

+ CgIZ))_(v){vvaung)’w +ee (12)

where the ellipsis denotes higher dimension operators,
and the relevant QCD currents are given in Eq. (3).
Here, we have subtracted off the component of yﬂy5 which
vanishes between the heavy particle bilinear, defining
vi =7* —v*v. Alternatively, Eq. (12) is obtained by
making the substitution (9) into the basis of operators in
Eq. (2). We have introduced a conventional factor of 1/2 on
the left-hand side of Eq. (12) since the field redefinition (9)
would otherwise lead to a factor of 2 discrepancy between
the coefficients in Egs. (2) and (12).

In the relativistic basis of Eq. (2), cfl()) and céz) are treated
on equal footing, despite corresponding to operators whose
mass dimensions differ by two, i.e., seven and nine,
respectively. As a result, power counting is possible but
not manifest (leading order SI scattering involves operators
of dimensions seven and nine), and it is less straightforward
how the basis extends beyond leading order. In contrast,
power counting is manifest in Eq. (12), and thus the
operators relevant at each order are known without having
first to evaluate the full theory amplitudes. In particular,
leading order low-velocity SI (SD) scattering is obtained
from dimension seven (six) operators, and subleading
corrections can be systematically computed. In the remain-
der of the paper, when referring to Wilson coefficients, we
assume the form given in Eq. (12).

Having discussed the formalism for incorporating both
relativistic and heavy particle degrees of freedom at low
energies, let us now turn to the computation of weak scale
coefficients ¢(u,) of Eq. (8). At the scale u, ~ m,, we match
the full relativistic theory of Eq. (1), with six quark flavors
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and a relativistic bino y, onto the low-energy theory of
Eq. (12), with five quark flavors and a heavy particle bino
- The full theory diagrams are computed using standard
relativistic Feynman rules, while the effective theory
diagrams are computed using the Feynman rules
of Eq. (12).

This matching procedure determines the bare Wilson
coefficients and may involve loop contributions from the
low-energy effective theory. It is simplest to compute the
full theory amplitudes setting all mass scales much lighter
than the weak scale to zero, and regulating infrared
divergences in 4 —2e dimensions. The weak scale coef-
ficients ¢(u,) then depend only on the weak scale masses
My, Mz, My, My, My, and ms, and are determined up to
corrections of O(my,/m,). Of course, for matching a full

theory amplitude onto the scalar quark current 0510) of
Eq. (2), the leading m, factor should be retained. In
dimensional regularization, the loop integration measure
has scaling dimension [mass]*~2¢, and therefore any loop
integral is dimensionful. A loop integral that has no mass
scale to soak up this dimensionality must vanish by
consistency. This is the well-known statement that scaleless
integrals vanish in dimensional regularization. With light
quark masses set to zero, the effective theory loop con-
tributions are scaleless, and hence vanish. Alternatively,
keeping light quark masses nonzero would regulate infrared
divergences, but would require the computation of non-
vanishing effective theory loop amplitudes. An explicit
example involving such effective theory loop contributions
will be presented in Sec. III C.

The remaining 1/¢ poles in the bare coefficients are UV
divergences of the low-energy theory and are renormalized
accordingly. For a detailed discussion on the renormaliza-
tion of the QCD currents in Eq. (3), we refer the reader to
Sec. III of Ref. [22]. Here, we will simply quote the results.
At leading order in «g, the scalar and axial-vector coef-
ficients are trivially renormalized, i.e., c¢(u) = chare while
the spin-2 coefficients are renormalized as

1 as e T
e (W) =D e+ e+ Oa). (13)
q

where the sum runs over the active quark flavors, i.e.,
g=u,d, s, c, bin 5-flavor QCD. The O(e°) terms of the

coefficients cg,z)bm introduce a 1/¢ pole in céz) (u) that is

canceled by the 1/¢ pole in céz)bare. Note that the nontrivial

renormalization also requires the O(e!) terms of the
coefficients ¢\7"™. We will see an explicit example of

this renormalization in Sec. III C when céz)bare

due to gluons emitted from massless quarks.
As mentioned above, a sfermion that is nearly degenerate
in mass with the bino should be a degree of freedom in the

is divergent
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low-energy theory if sfermion-bino interactions with light
fermions are present. Hence, only the sfermion mass is
integrated out (encoded in Wilson coefficients through the
full theory amplitudes), and a heavy sfermion field is
included at low energies. In particular, a so-called “heavy-
light current” describes the interactions of the heavy bino
with the heavy sfermion and light fermion. This is
described in Sec. III D.

Let us now move on to three cases that illustrate in
explicit detail the general aspects of the EFT approach
discussed above. Previous works have focused on fixed-
order calculations [9,12,14,17,36] or on the EFT treatment
of the scalar gluon coupling [15]. In the present analysis,
we perform leading order matching onto the complete set of
operators in Eq. (12), including contributions to quark
operators from exchanges of electroweak bosons. For
example, we find that the Higgs-exchange diagrams are
numerically relevant, significantly improving the projected
reach of LZ (e.g., compared to those found in Ref. [36]).
Moreover, the following subsections present a pedagogical
discussion of the EFT framework, illustrating aspects such
as matching and the infrared pole structure, and the
application of the heavy-light current. The case of a
sfermion nearly degenerate in mass with the bino discussed
in Sec. III D is new and physically relevant.

B. Case I: Right-handed stop

The simplest example arises when the mass of the
fermion partnered to the sfermion is of order or is greater
than the weak scale, my 2 p,. Although this case broadly
applies to many models, for concreteness, we will restrict to
the case of a single right-handed stop (7z) interacting with
the bino (y) and a top quark (7). Let us discuss in turn the
ingredients ¢, R, M, and f of the factorization presented
in Eq. (8).

1. Weak scale coefficients c(u,)

The matching condition at the weak scale y, ~m, is
shown in Fig. 4. The full theory amplitudes are computed
using the Lagrangian in Eq. (1), while the effective theory
amplitudes are computed using the Lagrangian in Eq. (12).
The weak scale particles W*, Z, h, G*, t, 1z are highly
virtual at low energies and are thus integrated out. Their
effects are encoded into the Wilson coefficients of an
effective theory describing a heavy bino y,, interacting with
the quarks and gluons of 5-flavor QCD.

The contributions to the quark and gluon coefficients
begin at O(a?,) and O(a,,,), respectively. The h-exchange

diagrams contribute to the scalar coefficient c(q()), while the

Z-exchange diagrams contribute to the axial-vector coef-

ficient c((f). The box diagrams exchanging W* or G*

contribute to czo), c(bl), and cgf). The explicit results for the
relevant diagrams are collected in Egs. (D7), (D15), (D27),

and (D33). Working consistently at leading order, the gluon
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FIG. 4. Weak scale matching conditions for the case of a right-handed stop. Crossed and charge-reversed diagrams are not shown.
Here, g refers to the quarks of 5-flavor QCD. In the bottom line, the ellipsis denotes similar diagrams where the insertion of the gluon
legs vary (see Appendix D 6). Single (double) lines correspond to relativistic (heavy particle theory) fields. We have omitted the label

Olayvs)

“bare” on the coefficients on the right-hand side.

matching condition does not include contributions from
effective theory diagrams involving loops of quarks since
these are O(a2a;,). Accordingly, we also drop the O(a2,a;)
terms in the renormalization condition in Eq. (13), and thus
all bare Wilson coefficients are trivially renormalized for
this example, i.e., ¢, ,(u,) = c%. We collect the renor-
malized Wilson coefficients in the vectors

0 2 2
s e () e () e (i) Y. € ()

= {ci (u)}. (14)

(0,1,2)

where ¢, is representative of the five quark flavors, i.e.,
q = u,d, s, c, b, and hence the vectors cg; and cgp have 12
and 5 components, respectively. The coefficients are
collected into two vectors in anticipation of evaluating
the SI and SD amplitudes separately.

2. Running and matching matrices R and M

For cases where the degrees of freedom below the weak
scale are a gauge singlet [under SU(3), x U(1)gy] DM
particle and the quarks and gluons of n,-flavor QCD, the
relevant matrices for running and matching are specified by
loop-level matrix elements of the QCD currents in Eq. (3).
We adopt the results from Tables 5 and 6 of Ref. [22] and
collect their leading order forms in Appendix C for
completeness. In practice, we work at leading log (LL)
order. For the axial current, the corrections to coefficient
evolution and threshold matching begin at O(a?), and are

therefore subleading [37-39]. In particular, this implies that
(1)

the weak scale coefficients ¢, ;

tude, while cgl,l may be neglected. Nonetheless, we will

keep the discussion of weak scale coefficients ¢(u,)

general, including the determination of CEIZ

contribute to the ampli-

3. Nucleon matrix elements f(p)

Let us collect the nucleon matrix elements defined in
Eq. (4) in the following vectors:

f&,N(/"O) = nmy {fg,)z)v’ 905:?:0) f;?z)\/(ﬂo),
L0310
S o) = {fon (ko). (15)
where fffjé"z) is representative of the three light quark

flavors; i.e., the vectors f; y and fsp v have eight and three
components, respectively. To be consistent with the higher
order effects included in the running and matching matrices
R and M, we must also include higher order corrections to
the leading order gluon scalar matrix element of Eq. (5).
From the nucleon mass sum rule that links the gluon and
quark scalar form factors (see, e.g., Ref. [22]), we have

) > qu]

q=u.d.s

_as(ﬂ)i _
Az Blu) {1 “nl

(16)

where ﬁ = f/g, with  the QCD beta function, and y,, is
the quark mass anomalous dimension. In our numerical

analysis, we include terms in # and y,, through O(a,)
[see Eq. (B4)].

With all ingredients specified, we may now evaluate the
amplitudes as in Eq. (8). The result can be expressed as

Mgy :fgl,N(/"O)cSI(MO)’
Msp :ng,N(Mo)CSD(ﬂo), (17)

which when expanded takes the form in Eq. (6). The
vectors cspsp(fg) contain the low-energy coefficients
properly mapped from the weak scale through the running
and matching factors,

¢(uo) = R prc)M (e )R (e )M (i )R (. p ) (i)
(18)
These vectors are defined as in Eq. (14) but with the light

quarks (u, d, s) and gluon of 3-flavor QCD. In practice, we
will not evolve the coefficients after integrating out the
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FIG.5. Weak scale matching conditions for the case of a right-handed sbottom that is much heavier than the bino. Crossed and charge-
reversed diagrams are not shown. In the full theory diagrams, ¢’ refers to u, d, s, c. The ellipsis denotes similar diagrams where the
insertion of the gluon legs vary (see Appendix D 6). Single (double) lines correspond to relativistic (heavy particle theory) fields. We
have omitted the label “bare” on the coefficients on the right-hand side.

charm quark at y., and hence we take i, = p.. Finally, the
cross section is determined as in Eq. (7). Note that Eq. (7)
applies for a relativistic Majorana field y, but is also valid
for our heavy particle field y,, given the conventional factor
of 1/2 on the left-hand side of Eq. (12).

C. Case II: Right-handed sbottom, large mass splitting

An example similar to the previous one, but slightly
more involved due to the interplay between quark and
gluon coefficients, is when the mass of the fermion
partnered to the sfermion is much lighter than the weak
scale, my < m,, and the mass splitting between the
sfermion and the bino is comparable to or greater than
the weak scale, 5} =m;—my, ;- Although the pro-

cedure described here applies to a w1de variety of models,
for definiteness, we focus on the case of a right-handed

sbottom (l; r) interacting with the bino (y) and bottom quark
(b). Let us discuss in turn the ingredients ¢, R, M, and f of
the factorization presented in Eq. (8).

1. Weak scale coefficients c(u,)

The matching condition at the weak scale u, ~m, is
shown in Fig. 5. As in the previous example, the full theory
amplitudes are computed using the Lagrangian in Eq. (1),
while the effective theory amplitudes are computed using
the Lagrangian in Eq. (12). The weak scale particles W=, Z

h, G*, 1, b r are integrated out, and their effects are encoded
in Wilson coefficients of the effective theory describing a
heavy bino y, interacting with the quarks and gluons of 5-
flavor QCD.

As in the previous example, the leading contributions to
the coefticients cuod1 YZZ are O(az,) loop diagrams. What
distinguishes this case is the presence of a tree-level,

O(a,,), contribution to the bottom quark coefficients

570 12 and the associated loop-level, O(a,a;), effective

theory contributions to the gluon coefficients cé 2. As

discussed in Sec. III A, we adopt the scheme where all mass
scales much lighter than the weak scale (such as m,,) are set

to zero, and employ dimensional regularization. The full

theory contribution to ¢ is IR divergent due to gluons

emitted off of a massless bottom quark. The effective
theory contributions from a bottom quark loop, shown on
the right-hand side of Fig. 5, are scaleless, and thus vanish.
In the low-energy theory, the remaining 1/¢ pole of the bare
coefficient is regarded as an UV divergence that is
renormalized according to Eq. (13). For illustration, we
present the explicit pole structure of the contributions to the
renormalized spin-2 gluon coefficient,

(2) %

2 2)FT EFT
cé)(y):c_g,> - <) +cp 6ﬂ€UV+O(a)
—a.am 1
s 4 ..
= |———4% —~— + finite
|?7(m%k - m%)z €1R

e (1 oo 1,
|:Cb 6r <€UV €IR>:| +Cb 671'€UV+ (as)
(19)

where c_s,z)FT (CE,Z)EFT) is the full (effective) theory loop

contribution appearing on the left (right) side of the gluon
matching condition in Fig. 5, and the last term comes from
the renormalization prescription of Eq. (13). We have
omitted the label “bare” on the coefficients on the right-

hand side and expressed the vanishing effective theory

(2)EFT

contribution, cg , in terms of canceling UV and IR

poles. Note the required consistency between céz) [given in
Eq. (D3)] and the infrared pole of the full theory con-

(2)FT

tribution c¢g [given in Eq. (D34)] to yield a finite

renormalized coefficient cf) (u). The other coefficients

céo,l) (0)

and ¢ bare,

are simply renormalized as c(u) = ¢
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As before, we collect the renormalized Wilson coeffi-
cients in the vectors

chiu) = {e ). e (), e () e ()
el (u) = {e1, (20)

where ¢ is representative of the five quark flavors, i.e.,
q=u,d,s, c, b, so that these two vectors are 12 and 5
dimensional, respectively. Note that c(q2> (u;) is nonzero
only for ¢ = b. In general, Z exchange contributes to
the SD interaction cfll), but when m;, = 0 and the sbottom
is purely right handed, this amplitude vanishes at
leading order in momentum transfer by gauge invariance
[Eq. (D16)]. The loop diagram where the Higgs is radiated
off the bottom quark also vanishes, while the one where

the Higgs is radiated off the sbottom contributes to
¥ [Eq. (D8)].

2. Running and matching matrices R and M,
and nucleon matrix elements f(p)

Since the theory below the weak scale is again given by
Eq. (12), the mapping of the weak scale coefficients to the
hadronic scale is identical to the previous example of
Sec. III B. In particular, the components R and M imple-
ment RGE and matching across heavy quark thresholds,
respectively, while f applies nucleon matrix element form
factors.

D. Case III: Right-handed sbottom, small mass splitting

Finally, we consider the case where both the mass of the
fermion partnered to the sfermion and the mass splitting
between the sfermion and the bino are much lighter than
the weak scale, 5}., m; < m,. For definiteness, we focus on

the case of a right-handed sbottom (br) interacting with the
bino (y) and bottom quark (b).

In this example, the sbottom is not highly virtual at low
energies since the small sbottom-bino mass splitting
kinematically allows for sbottom-bino interactions through
a soft bottom. Weak-scale physics is still integrated
out by matching onto 5-flavor QCD, but both the
bino and sbottom are kept as heavy fields in the effective
theory (valid for mi, , ny, > my,,). The relevant interactions

may be obtained from the full theory by introducing
the field redefinition of Eq. (10) for the relativistic bino
field y, and

~ 1
bR:

e—imﬂhxé , 21
— R, @)

X
for the relativistic sbottom field bg. The field X, from
Eq. (10) is again integrated out, and upon employing the
invariance described in Eq. (11) for heavy self-conjugate
fields, we obtain

PHYSICAL REVIEW D 93, 095008 (2016)
LD by,(=iv-D =5 )bg,

1 - _
—+ i bR,vb(ab + ﬂbys))(t' —+ H-C-v (22)

X

where for a right-handed sbottom a, = —f, = —¢//3V/2.
The residual mass term is given by the mass splitting
5,;R =my —m, KLm, and the sbottom-bino coupling is
the heavy particle version of Eq. (1). Physically, the
heavy particle velocity, »*, is conserved in the scattering
process. Thus, the sign in the kinetic term denotes a
sbottom coming into the vertex, or by using integration
by parts, an antisbottom coming out of the vertex. In
contrast to the relativistic case where y = y¢, the fields y,
and y¢ can only be related through the invariance in
Eq. (11). Hence, the two vertices above are the only ones
that contribute to amplitudes involving y, as the initial
and final states (e.g., there are no charge-reversed
diagrams in Fig. 7 below). Note from the canonically
normalized kinetic term that the heavy sbottom has
scaling dimension 3/2 [hence the factor of 1/,/m,
appearing in the field redefinition in Eq. (21) and in
the sbottom-bino coupling]. In the low-energy theory the
interactions of the heavy bino with the quarks and gluon
of 5-flavor QCD are still described by Eq. (12).

The sbottom-bino interaction introduced in Eq. (22)
can be viewed similarly to the so-called “heavy-light
current” in applications for B-meson decays [40—42]. In
particular, its running due to QCD corrections from
u; ~m, down to u, ~m, is significant, and we account
for this when implementing the RGE down to the
bottom quark threshold. Let us discuss in turn the
ingredients ¢, R, M, and f of the factorization presented
in Eq. (8).

1. Weak scale coefficients c(p,)

The matching condition at the weak scale u, ~m, is
shown in Fig. 6. The full theory amplitudes are computed
using the Lagrangian in Eq. (1), while the effective theory
amplitudes are computed using the Lagrangians in

Egs. (12) and (22). The coefficients %12 are determined

u.d,s.c
by the same O(a?) loop diagrams of the previous two
examples. Since we set all mass scales much lighter than
the weak scale to zero, we are implicitly taking the m,,
5Z7R < m, limit of both the full theory and effective theory

amplitudes. Of course, it is precisely in this limit that the
relativistic and heavy particle Feynman rules match.
Therefore, the full theory contribution from Eq. (1) and
the effective theory contribution from Eq. (22) cancel in the

gluon and bottom quark matching, yielding coefficients

céo'z) and cﬁf’“) that vanish up to O(my/m,,5; /m,)
corrections. As an explicit example, the relativistic sbottom

propagator in the tree-level diagram is expanded as
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FIG. 6. Weak scale matching conditions for the case of a right-handed sbottom that is nearly degenerate with the bino. Crossed and
charge-reversed diagrams are not shown. In the full theory diagrams, ¢’ refers to u, d, s, c. In the bottom line, the ellipsis denotes similar
diagrams where the insertion of the gluon legs vary (see Appendixes D 6 and D 7). Single (double) lines correspond to relativistic (heavy
particle) fields. We have omitted the label “bare” on the coefficients on the right-hand side.

2 2
= + O(6;

1
= m+ O((SER/mX,mh/mX),

(23)

where we have included a factor of 2 for the crossed diagram
and used p* = m,v". Note that the above result matches the
tree-level amplitude obtained from the Feynman rules of
Eq. (22). In contrast, the usual expansion of the sbottom

propagator in terms of local operators (corresponding to

0.1.2)

Nonzero ¢ coefficients) is valid for m;, m, < m By For

the gluon matching, we find that the full theory amplitudes
vanish at O(1/m,,), which must be the case since the gluon
coefficients scale as [mass] =, but the only mass scale is
m, ~mp [see Egs. (D30) and (D31) for the explicit forms of
the full theory gluon diagrams in the limit m;, = 513R =0].
Similarly, the effective theory loop diagrams are scaleless,
and hence vanish, as discussed in Sec. III A and in the
example of Sec. Il C. In principle, setting m; = 0 intro-
duces IR poles as in Sec. III C, but in this case they appear at
O(1/m3). Thus, with no spin-2 quark or gluon coefficients
generated at O(1/m,,), all bare Wilson coefficients are
trivially renormalized, i.e., c(u) = c®°. Collecting the
Wilson coefficients as in Eq. (20), up to corrections of
O(my,/m,, 5;R/mx), we find

ckiu) = {e(1,).0,0,0}. ¢l () = {0}, (24)

Note that these two vectors, as in Eq. (20), are 12 and 5

dimensional for ST and SD, respectively. The coefficient c,(lo)

is only nonzero for the four quark flavors ¢ = u, d, s, c and is

generated from integrating out the Higgs [corresponding to
the full theory diagram where a Higgs is radiated off the

sbottom, given in Eq. (D9)]. On the other hand, neither czo)
nor any of the spin-2 quark and gluon coefficients are
generated at O(1/m,,) because the sbottom is kept in the
low-energy effective theory below the weak scale. As in the
previous case, the contributions from a Higgs radiated off a
bottom quark and Z exchange vanish in the chiral
limit m;, = 0.

2. Running from p, down to p,

At leading order in 1/m,, the only nonvanishing coef-
ficients are those corresponding to the scale invariant current
05]0) = m,qq, and thus the coefficients in Eq. (24) do not
evolve, ie., esi(uy) = Rsi(pp, po)esi(p;) = esi(p;). We
must also account for the scale evolution of the sbottom-
bino couplings a;,, f5, in Eq. (22). The anomalous dimension
y of the current l;R,UBF)(U, with Dirac structure I', is the
same as that of the heavy-light current Q,I'q describing
the interaction of a heavy quark Q, with a light quark ¢
[40—42]. Tt is independent of the Dirac structure I" and is

given by y = —a,/n. The evolution of the coefficients
c = ay, fj is thus
a (m)) 2P
c(up) = c(p , 25
) = ) (S22 (25)

where fy = 11 —2n,/3 = 23 /3. This completely specifies
the theory at the scale y;, given by the Lagrangians in
Egs. (12) and (22).

3. Matching at p,

The matching condition at the bottom quark threshold
is shown in Fig. 7. The diagrams on the left are computed in
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FIG.7. Matching condition at the bottom quark threshold for a heavy particle effective theory of a right-handed sbottom that is nearly
degenerate with the bino. Single (double) lines correspond to relativistic (heavy particle theory) fields. The ellipsis denotes similar
diagrams where the insertion of the gluon legs vary (see Appendix D 7).

the theory above the threshold using Egs. (12) and (22),
while the diagrams on the right are computed in the theory
below the threshold using Eq. (12) but with four active
quark flavors. Since the ¢ = u, d, s, ¢ sectors of the
two theories are identical, the only consequence of the
matching is to integrate out the bottom and the heavy
sbottom, encoding their effects into the scalar and spin-2
gluon coefficients. At this threshold, the mass scales m,,
and o;, are kept nonzero. It is straightforward to modify the
matrix M (p;,) in Appendix C to include the contribution
from the heavy sbottom loop. Collecting the Wilson
coefficients as in Eq. (24), up to corrections of
O(mb/mx,él;R/mX), we find

ehiup) = {0 (o). e (up). 0. ¢ (uy)}.
clo () = {0}, (26)

©)
q
g =u, d, s, c. Note that these vectors are 10 and 4
dimensional, respectively, instead of 12 and 5 dimensional
as in Eqgs. (20) and (24). Here, integrating out the sbottom
and bottom quark at the threshold y; contributes to the
scalar and spin-2 gluon coefficients, while the spin-2 quark
coefficient is only generated at higher order. The analytic
forms of the gluon coefficients are given in Eq. (D41).

where ¢ ,’ is representative of the four quark flavors, i.e.,

4. Running and matching matrices R and M,
and nucleon matrix elements f(p)

Below the bottom quark threshold, the theory is given by
the Lagrangian in Eq. (12) with four quark flavors, and
thus, for the remaining analysis down to 3-flavor QCD, we
employ the same components R, M, and f of the previous
two examples.

IV. PHENOMENOLOGY

This section explores the phenomenology of several
scenarios for bino DM in the MSSM. Sections IVA
and IV B focus on the specific examples of a right-handed
stop (7g) and right-handed sbottom (bg), respectively. In
these sections, the matching and running prescription
identically follows Sec. IIl. In particular, as shown in
Eq. (12), our computational scheme follows that of
Refs. [6,7,21,22], employing a matching procedure that
includes the leading order contributions for the lowest

dimension operators relevant for Majorana DM-nucleon
scattering. In Secs. IV C and IV D, we present fixed-order
calculations involving left-right mixed stops and sbottoms

(;1’2, 271,2), and right-handed charged sleptons (iR),
respectively.

A. Right-handed stop

We begin with the simple example of bino-nucleon
scattering induced through interactions with a right-handed
stop (#g). Note that a fixed-order calculation of this model
was presented in Ref. [36]. We go beyond this calculation
by performing the complete leading order matching at the
weak scale, and a leading log analysis as described in
Sec. III B.

Constraints from LHC searches for direct production of
stops are ameliorated in the limit of compressed stop
spectra (although see Ref. [43]). For example, monojet
searches at a 14 TeV high-luminosity LHC can only
exclude binos lighter than 500 GeV [44]. At the same
time, approximate degeneracy avoids power suppression
of the amplitudes for bino-nucleon scattering, enhancing
the prospects for direct detection. In light of this, we
focus on the optimistic scenario that the mass splitting,
5;R = my, —m,, 1s much less than the weak scale, and
hence barring corrections of O(5;, /m,), we set m;, = m,
when determining weak scale matching coefficients.

The resulting ST and SD cross sections per nucleon for
scattering on a xenon target are shown in Fig. 8. Varying
tan # would only affect these results at the level of a few
percent. For SI scattering, we present a comparison of the
leading order (LO) rate determined from the fixed order
analysis described in Sec. II, and the “LO + LL” rate
determined from the leading log EFT analysis described in
Sec. III. The LO prediction includes the uncertainty from
hadronic inputs, while the LO 4 LL prediction also
includes the perturbative uncertainty (added in quadrature),
obtained from the variation of renormalization scales u;,, uy,
and u,., within the ranges given in Table I. For larger bino
masses (~1 TeV), the LL corrections enhance the rate by a
factor of a few (~3), due in part to O(a, (i, )a?,) corrections
that are included in the EFT analysis, but are formally
higher order in the fixed order approach. In particular, these
are one-loop Higgs exchange diagrams that contribute to

c§,°> at two-loop. While both quark and gluon weak scale

coefficients scale as cff) ~1/ vzmx, where v i1s the SM
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Left: The spin-independent cross section (per nucleon) for the case of a right-handed stop in the optimistic limit that its mass is

nearly degenerate with that of the bino, m,. For comparison, we show both the fixed-order result (“LO,” blue area) and the leading log

x

result from the effective theory analysis (“LO + LL,” red area). The thickness of the bands corresponds to the combined hadronic input
and perturbative uncertainties. The grey dashed lines show the projected sensitivity of the LZ experiment and the neutrino background.
Right: The spin-dependent cross section (per neutron) for the case of a right-handed stop in the optimistic limit that its mass is nearly
degenerate with that of the bino, m,. The thickness of the band corresponds to hadronic input uncertainties.

Higgs vacuum expectation value, the Higgs exchange
contributions are enhanced due to a log’:;—* factor. The
t

contribution from the spin-2 gluon amplitude is subdomi-
nant. For SD scattering, we only consider the LO rate
determined from the fixed order analysis described in
Sec. 1, since corrections to coefficient running and match-
ing enter at O(a?). While the analysis in Ref. [36] reported
destructive interference between the Higgs and gluon
diagrams of Fig. 4, we find no such interference and thus
obtain substantially larger rates in Fig. 8. For more details,
see Egs. (D10) and (DI11).

Although LZ will probe bino masses below ~200 GeV,
Higgs coupling measurements sensitive to deviations in the
gluon fusion rate already exclude this region after Run 1 of
the LHC [36]. Future direct detection experiments pro-
jected to reach SI cross sections close to the neutrino
background will probe bino masses lighter than ~600 GeV.
Furthermore, without an enhancement from coherent scat-
tering, the SD rate from Z exchange is below the neutrino
background for masses 2200 GeV. Note that in order to
achieve the observed relic abundance from thermal freeze-
out through coannihilation, the bino-stop mass splitting
varies between 30 and 40 GeV for sub-TeV bino dark
matter and gradually reaches sub-GeV splitting for dark
matter mass above 2 TeV [36,45].

TABLE 1. Numerical values used for the variation of renorm-
alization scales of Fig. 3.

Scale Central Range

U (my +m,)/2 =126 GeV (my/ V2, m\/2)
Hp my, = 475 GCV (]fnb/\/i7 mb\/i)
e m. = 1.4 GeV (1 GeV, 2 GeV)

B. Right-handed sbottom

We now examine the direct detection prospects when the
bino interacts with a pure right-handed sbottom (bg). We
consider the two cases described in Sec. III, depending on
whether the mass splitting, 5; = mj — m,, is of order the
weak scale or much smaller. For the complete description
of the matching and running procedure, we refer the reader
to Secs. III C and III D for the large and small splitting
cases, respectively. Assuming that the squark correction to
the SM Higgs gluon fusion amplitude is proportional to
ﬂqv/mg (where u, is the dimensionful trilinear squark-

squark-Higgs coupling) and that current LHC Higgs
measurements in the gluon fusion channel constrain stops
to be heavier than ~300 GeV, the rescaled limit for
sbottoms approaches roughly ~50 GeV in the large tan
limit. Thus, throughout this section, we consider bino and
sbottom masses greater than 100 GeV.

1. Large mass splitting

We begin with the case where the sbottom is significantly
heavier than the bino, 55R ~ 100 GeV. The resulting SI
cross sections per nucleon for scattering on a xenon target
are shown in Fig. 9. On the left panel, we include for
comparison predictions for both the LO and LO + LL rates,
as determined by the fixed order and EFT analyses,
respectively. Perturbative and hadronic uncertainties are
calculated as in Sec. IV A. For this large mass splitting case,
the leading log corrections yield a slight enhancement of
O(50%). On the right panel of Fig. 9, we show the SI cross
section as a function of m, for values of the sbottom-bino
mass splitting in the range 50-100 GeV. The rate is
dominated by the bino’s scalar coupling to gluons.

095008-13



BERLIN, ROBERTSON, SOLON, and ZUREK
bg, 6; =100 GeV, tanp=5

PHYSICAL REVIEW D 93, 095008 (2016)
tanﬁ 5

1z (proj 9

bg , Large 55

& 10—49 -

2
osr [cm?]

o1 [cm

10750
Covnl
100

49
107 60"

L 1 L
200

PRI R
300

300
m, [GeV]

500

FIG. 9. Left: The spin-independent cross section (per nucleon) for the case of a right-handed sbottom and a sbottom-bino mass
splitting that is comparable to the weak scale (6; = 100 GeV). For comparison, we show both the fixed-order result (LO, blue area) and
the leading log result from the effective theory analysis (LO + LL, red area). The thickness of the bands corresponds to combined
theoretical and hadronic uncertainties. The gray dashed line shows the point at which the irreducible neutrino background should be
relevant. Right: The spin-independent nucleon cross sections as a function of m,, for various values of the sbottom-bino mass splitting in
GeV (white boxes). The calculation is performed using the full LO + LL framework. The width of the bands corresponds to the
combined theoretical and hadronic uncertainties.

Depending on the particular value of 5,;R, the LZ experi-
ment will probe light binos up to a few hundreds of GeV.

2. Small mass splitting

Let us now consider the degenerate case, 5,;R <100 GeV,
where the sbottom is kept as an active degree of freedom
below the weak scale. The explicit matching and running
prescription is detailed in Sec. III D. The resulting SI cross

sections per nucleon for scattering on a xenon target are
shown in Fig. 10. On the left panel, we include predictions
for both the LO and LO + LL rates, as determined by the
fixed order and EFT analyses, respectively. Perturbative and
hadronic uncertainties are calculated as in Sec. IV A. For this
case, the rate receives large contributions from both the
scalar and spin-2 gluon couplings.

For small relative mass splittings (J;, / m, <107 )
the enhancement from LL corrections has 31gn1ﬁcant

, tanf=5

br, 6;, =5 GeV, tanB=5 b , Small 5;_
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FIG. 10. Left: The spin-independent cross section (per nucleon) for the case of a right-handed sbottom and a sbottom-bino mass
splitting that is much less than the weak scale (§; = 5 GeV). For comparison, we show both the fixed-order result (LO, blue area) and
the leading log result from the effective theory analy51s (LO + LL, red area). We also illustrate the impact of including the running of the
ay and f; coefficients of Eq. (1) from the scale u, ~ m, (LO + LL,, green area). The thickness of the bands corresponds to combined
hadronic and theoretical uncertainties. The gray dashed lines show the projected reach of the LZ experiment and the point at which
the irreducible neutrino background should be relevant. Right: The spin-independent nucleon cross sections for various values of the
sbottom-bino mass splitting in GeV (white boxes). The calculation is performed using the full LO + LL framework. The width of the
bands corresponds to the combined theoretical and hadronic uncertainties.
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implications for predicting the discovery potential of future
experiments. For instance, while the fixed-order approach
predicts that bino DM as heavy as ~4 TeV has a scattering
rate above the neutrino background, the complete calculation
extends the reach up to ~7 TeV. In general, incorporating
the running of the weak scale Wilson coefficients down to
the hadronic scale results in an overall factor of ~3—4 in the
final cross section. As described in Sec. III D, a significant

portion of this enhancement is tied to the RGE of the b rby
heavy-light current of Eq. (25), which alone rescales the
fixed-order cross section by [a,(m,)/a,(m,)]*** ~ 2.

In the right panel of Fig. 10, we show the SI cross
section for various choices of the small mass splitting &; .
Here, 55R = 0 corresponds to a sbottom-bino mass splitting

that is much smaller than the mass of the bottom quark.
Bino DM with mass up to 3-20 TeV will remain above the
neutrino background for 6; ~10—0GeV, respectively.

Interestingly, such small mass splittings are also needed
for standard freeze-out through sbottom coannihilation, and
hence LZ and future experiments will be sensitive to
thermal bino DM in the multi-TeV mass range.

In the analysis in Secs. II and III, we assumed, for
definiteness, that the full theory described in Eq. (1) was
defined at the weak scale, u, ~ 100 GeV. It is interesting to
consider the impact of additional RGE for cases where the
full theory is defined at a higher scale, e.g., through imposing
theoretical constraints of specific ultraviolet completions or
observational constraints such as the relic abundance and
collider limits. For illustration, let us consider the running of
the bino-sfermion-fermion couplings a; and f; of Eq. (1)
from a scale y, ~m, for the case of a sbottom nearly
degenerate with the bino. The effective theory setup is
similar to case III described in Sec. III D: at the scale y,,, we
match the full relativistic theory in Eq. (1) onto the heavy
particle effective theory in Eq. (22), and thus the running of
the a;, and 3, coefficients are again given by Eq. (25). At the
weak scale, the contributions from the Higgs exchange are
O(1/m2) and can be neglected when working to leading
order in 1/m,,. Upon evolving down to the bottom scale 1,
the remaining analysis follows that of Sec. III D. The impact
of the additional running is shown in the left panel of Fig. 10
as the green curve labeled LO + LL,. While the effect on the
cross section is only ~60% (the strong coupling asymptotes
at high energies), the implied potential mass reach for an
experiment probing cross sections near the neutrino back-
ground may be increased by ~1 TeV.

C. Mixed squarks

Left-right mixing in the squark sector can affect the form
of the cross sections considerably. In this section, we
present a fixed-order estimate for the bino-nucleon scatter-
ing rate induced by interactions with mixed third generation
squarks. Following the approach of Sec. II, we match
directly to 3-flavor QCD and include contributions from

PHYSICAL REVIEW D 93, 095008 (2016)

Higgs exchange and gluon diagrams when calculating the
SI cross section. In calculating the Wilson coefficients cqo ,
céo), and c!(,z), we substitute the expressions for the
interactions in Appendix A into the general results of
Appendix D. Note that mixing allows for the presence of
additional states, resulting in new diagrams where multiple
squarks are present in the same loop. Although nonzero,
SD nucleon couplings are found to be subdominant
throughout the parameter space that we consider and are
therefore omitted from the discussion below.

The lightest neutralino is assumed to be dominantly
binolike. For this to hold true, the Higgsino mass parameter
is fixed at ¢ = 10 TeV, and we refrain from considering
bino masses (m, = M) much larger than 1 TeV. In this
section, u denotes the Higgsino mass parameter, not to be
confused with a renormalization scale. The other gaugino
masses are assumed to be completely decoupled from the
low-energy spectrum. Two parameters independently gov-
ern the mixing in the stop and sbottom sectors,

X, =A, —pucotp, X, =A, —putanp,  (27)
where X,, = +v/6m;; = j:(6mQ3m;R‘I;R)1/ 2 corresponds
to maximal left-right mixing in the stop and sbottom
sectors, respectively. This determines the A terms, A,,,
for a given value of y and tan 5. At every point in parameter
space, we will set the bino mass in terms of the physical
squark masses, given in Eq. (A3), such that
m, = Min(m; ,.mj, )= 6, (28)
which effectively defines the minimal mass splitting &;.

Since left-right mixing introduces several new degrees of
freedom compared to the models of the previous sections,
we assume simplifying relations to reduce the size of the
parameter space. In particular, we focus on two different
schemes in parametrizing left-right mixing. In the first
scheme, we set the third-generation left and right soft
squark masses and mixing parameters equal,

mg =mg = m;, =mj

X,=X,=X,. (29)

In the second scheme, we decouple the right-handed
sbottom to 10 TeV and focus on left-right mixing in the
stop sector alone,
my >mp  my,, mp, # m;, . (30)
The prospects for detecting bino-nucleon scattering
induced by its interactions with mixed stops and sbottoms
are shown in Fig. 11. The left and right panels employ the
parametrization of Egs. (29) and (30), respectively. Here,
we fix the squark-bino mass splitting of Eq. (28) to be
0; = 10 GeV, and tan f = 5. We show the region currently
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Results from a fixed-order calculation when the bino interacts with mixed stops and sbottoms using the parametrization of

Eq. (29) (left) and Eq. (30) (right). The Higgsino mass is fixed to 4 = 10 TeV (not to be confused with a renormalization scale). The
filled contours correspond to rates that are currently excluded by LUX (red area) or will be probed by future experiments like
XENONIT (orange area) and LZ (yellow area). Also shown are regions with cross sections greater than the neutrino background (blue
area). We do not consider bino masses lighter than 100 GeV or tachyonic squarks (both grey). For reference, we also show contours of
fixed bino mass in GeV (black dot-dashed lines) and the spin-independent nucleon cross section in units of log;,(cg;/cm?) (green

dashed lines).

excluded by LUX (red area), the projected reach of
XENONIT (orange area) and LZ (yellow area), and the
parameter space with cross sections above the neutrino
background (blue area). We do not consider values of
parameters where the bino is very light (m, < 100 GeV) or
the mass of one or more squarks is tachyonic (both in grey).

For both cases, left-right mixing tends to diminish the
overall scattering rate, but for different reasons. For the left
panel, corresponding to Eq. (29), because of the small
squark-bino mass splitting, the dominant scattering dia-
grams correspond to one-loop couplings to gluons through

the exchange of the light sbottoms b, and b, (see Fig. 19
below). These diagrams add coherently when the degree of
mixing is small, i.e., X, < m. On the other hand, as soon as
|X,/mz| 2 0.5, the diagrams involving by or b, tend to
interfere deconstructively, vastly lowering the scattering
rate. This explains the sharp peak in the cross section
near X, = 0.

For the right panel, corresponding to Eq. (30), larger
mixing lowers the mass of the lightest stop relative to the
left-handed sbottom, which decouples the lightest sbottom
from the bino for a fixed mass splitting, §;, and suppresses
potential contributions from sbottom induced gluon cou-
plings. We find that, for these scenarios, squark mixing
generally tends to reduce the reach of future direct detection
experiments.

Mixing also strongly affects the stop sector. For brevity,
we focus the discussion on the left panel of Fig. 11,
corresponding to Eq. (29); the behavior is similar for the
right panel, corresponding to the parametrization of
Eq. (30). Because of the large mass of the top quark,

coupling to gluons through the exchange of ?1,2 does not
see the enhancement at X, = 0, and instead Higgs exchange
is the dominant process that involves stops. When | X, /m;|
is somewhat large, the Higgs-stop interaction grows and the
mass splitting between the two stops is several hundreds of
GeV, effectively decoupling 7,. In this limit, we find that
different behaviors emerge depending on the sign of X,. In
particular, for large and positive X, the two Higgs exchange
diagrams where £ is emitted off either an intermediate 7, or
top quark (Fig. 15 below) interfere slightly, while for large
and negative X, this pair of diagrams tends to add coher-
ently. Hence, even though large mixing stifles the contri-
bution from sbottom-gluon diagrams, Higgs exchange via
virtual stops is able to somewhat lift this suppression for
large and negative X . This feature is clearly seen on the left-
hand side of Fig. 11, which shows less diminished scattering
rates near (—X,/m;) ~2-3.

D. Charged sleptons

In Secs. IVA-IV C, we presented examples where the
fermion in Eq. (1) is either sufficiently heavy such that Higgs
exchange is the primary scattering process or sufficiently
light and colored such that coupling to gluons dominates the
cross section. If the fermion is both light and uncolored, e.g.,
a charged lepton (I), one must reconsider the processes that
contribute to elastic nucleon scattering. In this section, we
will focus on the case where the bino (y) interacts with a
single right-handed selectron (eg) or stau (7g). Simplified
models related to this scenario have been studied in [19,46].
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FIG. 12. Matching procedure for the case of a single right-handed slepton. Charge-reversed diagrams are not shown.

At leading order, SI scattering is given solely, to a good
approximation, by loop diagrams coupling y to the electro-
magnetic current, J;M = 9“F,,, where F,, is the photon
field strength. In particular, at dimension six, gauge
invariance dictates that a Majorana fermion may only
couple to the photon via the anapole operator, defined to
be zy'y>yJEM. Therefore, at low energies, in place of
Eq. (2), we consider the effective Lagrangian

L= car'ry M. (31)
From the definition of the current, it is apparent that this
interaction must vanish in the limit of zero momentum
transfer. This is also seen explicitly in the amplitude, where
the contact interaction above leads to the effective form for
the photon-amputated amplitude
M =2¢40(pp)(q"a = 7 ) ulp).  (32)
where p;, p; are the incoming and outgoing bino momenta,
u(p;s) are the associated 4-component spinors, and g =
Py — pi is the momentum transfer. The factor of 2 in the
above expression accounts for the Majorana nature of y.

The prescription for matching Eq. (1) onto the anapole

operator Eq. (31) is shown in Fig. 12. We regulate IR poles

ér, Anapole

10?
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10°

mg,— m, [GeV]

500 1000
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FIG. 13.

with finite lepton masses. In this scheme, no divergences
emerge, and hence c, is trivially renormalized. Explicit
forms for c, are given in Sec. D4. The proton matrix
element of the current corresponds to the counting operator
and is given by

()M () p (k) = e(u)a(k)y,u(k), — (33)
where the running of the electric coupling, e(u), is the only
source of scale dependence. Unlike the scalar form factors
in Sec. (4), the nucleon matrix element above is easily
evaluated at the weak scale, and hence a fixed-order

calculation suffices. After taking matrix elements, the SI
bino-proton cross section is then given by

&2
— 2
os1 = s—mpyEgcy,

2n (34)
where m,, is the proton mass and Ey is the recoil energy
[46]. As a representative value we set Ep = 10 keV.

The reach in the SI cross section is shown in Fig. 13 for a
single right-handed selectron or stau. As the anapole
Wilson coefficient is strongly enhanced when the lepton
mass m; is much smaller than m,, selectron mediated
scattering benefits from large cross sections compared to

Tr, Anapole

Mz~ m, [GeV]

m, [GeV]

Results from a fixed-order calculation for the case of SI bino-proton scattering mediated by either a right-handed selectron

(left) or stau (right). The filled contours correspond to regions that will be probed by LZ (red area) or future direct detection experiments
sensitive to rates above the irreducible neutrino background (blue area). For reference, we also show regions where the calculated relic
abundance matches the observed dark matter density (black curve).
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those mediated by a right-handed stau. Also in Fig. 13, we
overlay the region of parameter space where the
relic abundance of y matches the observed dark matter
density. Interactions relevant for annihilations and coanni-
hilations to SM particles are built in FeynRules [47] and
implemented in micrOMEGAs [48]. Sommerfeld effects are
not included as photon exchange in the initial state is
expected to only slightly alter the final calculated abun-
dance [49,50]. While LZ will only be able to probe thermal
coannihilating selectrons and binos for m, < 100 GeV,
future direct detection experiments will be able to probe
selectron (stau) mediated scenarios for thermal bino masses
m, < 300(100) GeV. Left-right mixing introduces an addi-
tional slepton of opposite hypercharge and therefore tends
to diminish the overall scattering rate.

V. CONCLUSIONS

We have presented EFT methods for computing direct
detection rates, focusing on bino DM scattering through
loops mediated by heavy-flavor squarks or sleptons. In the
presence of large hierarchies between mass scales, such as
the weak and hadronic scales, large logarithms can sub-
stantially contribute to the total scattering cross section. A
sequence of effective theories, linked together by matching
computations and renormalization group analysis, provides
a systematically improvable framework for incorporating
such contributions and assessing the impact of perturbative
uncertainty.

Including these effects from running enhances the
scattering cross section by a factor of ~3—4 in some cases
and significantly improves the DM mass reach of direct
detection experiments. The specific sources of these effects
vary for different models. For example, as explained in
Sec. IV A, in our calculation for bino DM interacting with a
right-handed stop, leading log corrections increase the rate
through the inclusion of O(a,) threshold terms for the
scalar quark coefficient when evaluated near the hadronic
scale. Alternatively, in the fixed-order approach, these
contributions are formally higher order and are not
included, highlighting one of the advantages of our scheme.
On the other hand, in the case of bino DM coupled to a
nearly degenerate right-handed sbottom, the mass reach
increases from ~4 to ~7 TeV for an experiment such as LZ.
This is largely due to the fact that RG evolution signifi-
cantly enhances the bino-sbottom-bottom interaction at low
energies. Interestingly, if relic density constraints also
require such small mass splittings, this implies that much
of the coannihilation region may be constrained through
direct detection experiments. This motivates a careful
investigation of the correlation between relic density and
direct detection observables, including, e.g., higher order
QCD corrections, and a complete treatment of thermally
induced masses and Sommerfeld enhancement (see, e.g.,
Refs. [36,45,51,52]). Assuming an experiment sensitive to
cross sections close to the neutrino background, for the case
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of a stop mediator, the mass reach is around 500 GeV, while
for the case of a selectron mediator, the thermal mass reach
is around 300 GeV.

In the dark matter context, heavy particle effective
theories are efficient for parametrizing unknown inter-
actions of heavy (or nonrelativisticy DM particles with
the SM degrees of freedom at a given energy scale, and for
factorizing amplitudes into contributions from the hard and
soft modes of the process, necessary for resumming large
logarithms. These methods have been applied for inves-
tigating universal behavior in the scattering of heavy
WIMPs [6,7], the impact of large Sudakov logarithms
and Sommerfeld enhancement on the annihilation rate of
heavy WIMPs [53-56], and the low-energy interactions of
DM with QCD and nucleons [22,29,30].

In this work, we applied heavy particle techniques to
three generic scenarios for bino scattering, depending on
the mass hierarchy between the bino, the sfermion, and its
partner fermion. In the first and second scenarios, where the
sfermion is integrated out of the theory below the weak
scale, heavy particle theory was employed for writing the
basis of low-energy operators in Eq. (12). We have
employed a matching procedure that includes the leading
order contributions for the lowest dimension operators
relevant for Majorana DM-nucleon scattering, including
spin-2 couplings to gluons. Compared to the relativistic
basis in Eq. (2), this basis has manifest power counting, and
thus redundant or suppressed operators in the m, > m,
limit are easily avoided. Nonetheless, the results for the
running and matching matrices, R and M, are properties of
the QCD currents in Eq. (3) and can be applied regardless
of whether the DM is taken to be a relativistic or heavy
particle field. In the third scenario, where the sfermion is
kept as a degree of freedom below the weak scale, we used
heavy particle theory to systematically separate the full
theory amplitudes into contributions that either are encoded
in the coefficients of contact operators defined at the weak

scale or are matched by the heavy-light current l;R,vl_al")(v.
The running of this current down to low energies is the
dominant source of enhancement to the rate for bino
scattering mediated by a nearly degenerate squark.

In Sec. III, we focused on simple models with only a few
parameters such that definite predictions can be made, and
radiative corrections become important not only for deter-
mining robust scattering rates but also for correlating differ-
ent constraints. Our analysis for nearly degenerate sleptons
and mixed squarks is new, and within our simplifying
assumptions, we find that mixing generally tends to reduce
the scattering rates. Furthermore, since these rates already
depend on several free parameters, we have not studied the
impact of radiative corrections for this example. We still note
that, similar to the models presented in Sec. III, it would be
interesting to consider leading log corrections for the mixed
case, since they may have substantial impact on the estimated
reach of future experiments like XENON-IT and LZ.
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Aside from providing robust estimates of benchmark
cross sections, employing EFT methods also allows for
making the connection between parameters of a high scale
theory to low-energy observables. We focused here on the
starting point where the high-energy theory is defined at the
weak scale. It is interesting to further consider the impact of
RGE from an even higher scale, where the parameters may
be constrained by theoretical UV considerations or from
other phenomenological inputs such as collider limits and
the DM relic density. Moreover, while we have focused
here on the effects from QCD corrections, previous studies
have shown that electroweak corrections may also have
impact [23,57]. A complete picture of the complementarity
between DM observables, e.g., the correlation between
parameters determined from relic density, collider limits,
and direct detection, should incorporate the connection
between different scales in the physical processes.
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APPENDIX A: MODEL

Following the conventions in Ref. [58], we specify the
masses of the bino/sfermion sector of the MSSM. The
sfermion is assumed to be either a squark or a slepton.
The soft hypercharge gaugino mass parameter (M) is taken
to be positive so that no chiral field redefinitions are
necessary to ensure the positivity of the physical bino
mass. In particular, the bino and its physical mass will be
denoted by y and m,. The mass matrices that relate the

sfermion mass eigenstates f 12) to the gauge eigenstates

(fL,R) are given by
—sin6;\ [ f1
cos 0, va

fi _ [cosby
<}2> a (sinef

In the case that the sfermions are stops (7) or sbottoms

(A1)

(l;), the mixing angles are given explicitly by the tree-level
g ang g P y by
expressions
2 2 2 1_ 24ip2 —m?
g — mg +mi + my cos 2p(5 — 3sin’0,,) — m3
' m,(—A; + pcotp) ,
mzég + m} 4+ m% cos 2(— % + 1sin?6,,) — m?

my(—Ap + ptan p)

tan 9b =

(A2)
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Above, m 0 is the left-handed squark soft mass parameter,

A, ,, are the soft trilinear couplings to the Higgs, tan /3 is the
ratio of the up and down type Higgs vacuum expectation
values, u is the supersymmetric Higgs mass parameter, 6,,
is the Weinberg angle, and m;  are the physical masses of

the lightest, heaviest sfermion, respectively. These physical
tree-level masses, obtained by diagonalizing the sfermion
mass matrix, are

1 1
t|7 E(m +m )+

4mz cos 23 + m?

1, 2t 2o \I
F —(mQS—m ) + m% cos 23 Z_§SIH

1
(m% + m%R) - Zm% cos 2 + m?

1 11 2
q:{ {5 (mZQz - m%R) —m%cos 2 <4_1 -3 sin26’w>]

+m12,(,utanﬂ—Ah)2}§, (A3)

where mj; —are the right-handed sfermion soft masses.

Note that we have chosen the sign convention for u
where the Higgsino contributions to the neutralino and
chargino mass matrices are given by +ux and —p,
respectively. Radiative corrections at one-loop can sig-
nificantly alter the forms of the tree-level expressions
above [59-61]. For example, the correction to the bottom
Yukawa can be parametrized in terms of a quantity A, as

my

V2vcos (1 +A,)’ (A4)

Vb =

with the effect that in the sbottom mass matrix, A, and
tanf are replaced by the effective parameters

Ab tanﬁ

Apetr = TA;, tan S = m

(AS)
as in Ref. [62]. Here we take the SM Higgs vacuum
expectation value to be v =174 GeV. The trilinear
coupling A, may be defined similarly in the stop sector,
for which the masses and Higgs interactions are inde-
pendent of tanf in the large tanf limit. From here on
out, we will drop the “eff” subscript with the under-
standing that the squark masses and interactions are
defined in terms of these “effective” inputs at the weak
scale.

When dealing with sleptons, we will choose to ignore
intragenerational mixing since first and second generation
lepton masses are very small compared to the soft masses.
For the example of a single right-handed selectron (eg),
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its tree-level mass, m2 ~m2 — m% cos 2fsin’0,,, receives
R €]

negligible corrections at one-loop and is essentially a free
parameter controlled by the first generation right-handed
slepton soft mass m;, .

The interactions of a pair of sfermions f 12 with a bino
LSP (y) and SM fermion (f) are parametnzed in terms of
the SM hypercharge coupling ¢ and the sfermion mixing

|

/

m_—9 (1 - ) m_ ~9g (1 : ) @ _
a,’ = —cosf, +2sind, |, = cos®, —2sind, |, a
t 3\/2 <2 t t ﬁ[ 3\/— t t
B J <1s 0, +20059) (1 J (1 s, —si 9>

= in o, = —Co in ,
! 3\/_ b 3\/— b~ b
(2 _

= sin@, —cos 9, |.
P 3\/_< - b)

)

@
ap,

1
sin@,, + cos @
3f< ’ ”)
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angles of Eq. (Al). We adopt the following notation for
these interactions:

LD Z]?i]_‘(a}i) - ﬁgci)ys))( +Hec.,

i=12

(A6)

where the effective couplings for the stop/sbottom sector
are given by

\/_< sin 0, —2cos€,>,

3
ﬂél) = 79,_ < cos @, + sin 0b>

(A7)

The effective couplings for a single right-handed slepton are similarly defined, with a, = =8, = —¢//\/2.

Although a pure bino possesses no tree-level interactions with the electroweak bosons of the SM, the sfermions and their
associated SM fermion partners interact with the Z, photon, and SM Higgs (/) through terms that we parametrize as

L7 2 2"i[(g} — g cos20,)(f10,.f

_‘;('18”}";') +

(gj‘ + g?‘ COs 20]")(‘]};8”‘]?2 - }28/4};)

— gsin20,(F10,f2 = F10,F% + F30,F1 = F20,F D) + ZuJr (g + 947°) 1.
L, D= ieQA"(f0f; — Fi0,f]) — eQpAFr'f,

i=12

Ly > Z(uﬁf)hﬁf‘, +Mf

i=12

W(Fifo+ 1) -~ hFf,

R

where the effective parameters above for (s)tops, (s)bottoms, and (s)leptons are

gl = %tan@ + 4cotQW, g4 = —Te (tan@,, + cot@,,), gy = Etané Zcot@w, gy = z(tan 0,, + cotb,),
g};:Z(Stanew—cotﬁw), g?z%(tanﬁw—i—cotﬁw), 0,=2/3, 0O, :%]’ Q,=-1, (A9)
= _\/Em’ {m, + % sin20,(A, — u cotﬂ)} - gzzci\;gm [4sin?@,tan?0,, + cos?d,(3 — tan®d,,)],
2 3 )+ g*(1 —4cos 2192W\)/s§eczewv cos 23 Sin20),
,u;,l) = _\/;mb [mb + %sin 20, (A, — ,utanﬂ)] + % [3 4 c0s26,(1 + 2cos26,,)],
u? = _\/Emb [m,, - %sin 20, (A, — ,utanﬂ)] + f”"%ﬁ% [3 — c0s 26,(1 + 2 cos 26,,)).
ul1? = Ecos 20,(A, — ptan f) + | gveos2f(l T;\g’s 20,)5e0, in20,, (A10)

such that g is the SU(2),, coupling, e is the electromagnetic coupling, v = 174 GeV, and we have worked in the alignment

limit where the Higgs is SM-like.
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APPENDIX B: HADRONIC INPUTS

In this section, we present the numerical values for the
hadronic form factors defined in Eq. (4). More detailed
discussion on the determination of these quantities can be
found in Sec. IV of Ref. [22].

The up and down quark scalar form factors are deter-
mined from the nucleon sigma terms,

Z;zN _ m, ; mgy

2_ = (my—m,){N|(iiu — dd)|N) = +£2(2) MeV, (B1)

(N|(tu + dd)|N) = 44(13) MeV,

where the upper (lower) sign in X_ is for the proton
(neutron) (see also Ref. [63]). For the strange quark, we use

my fgo,i, =40 4+ 20 MeV. The up and down quark scalar
form factors are then

1+Rud mpy 1+Rud mpy
1+R,; =
fo Tt 2 (B2)
1-R, 2%,y
where the ratios of quark masses are
Ruy=""=049+0.13, Ry,="2-=195+25. (B3)

my my

The gluon scalar form factor is determined from the next-
to-leading order terms of Eq. (16). For our leading log
analysis, we take as default

2
f_t(J(,)l)V(ﬂ()) =1- <1 +aS7(T”O)> Z f<q(,)1)V'

q=u,d,s

(B4)

Note that, as long as a terms are consistently kept in the
functions ﬁ(uo) and 7,,(uo) appearing in f(uy) and
R(ug, ), the dependence on the low scale y cancels in
the product f7 (uo)R(ug, p.). We may thus simplify the
analysis by taking ug = p. ~ m,.

Spin-2 form factors are derived from the second
moments of parton distribution functions,

(2) = 1xx X g(x
£ ) = A dxxlg(e, ) + (xp).

£ = / ' dxg(ep), (B5)

where g(x, u), g(x, i), and g(x, u) are the quark, antiquark,
and gluon parton distribution functions evaluated at the
scale u, respectively. Table II lists values for renormaliza-
tion scales 4 = 1, 1.4, 2 GeV. Finally, for the spin-1 axial-
vector form factors of the proton, we take

£y =075(8). i) =-051(8). fi\)=-0.15@8), (B6)
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TABLE II.  Proton form factors for spin-2 operators at different
values of u. The neutron form factors follow from approximate
isospin symmetry (u <> d).

p@GeV) B W AW £ w)

1 0.404(9)  0217(8)  0.024(4)  0.356(29)
1.4 03708)  0.202(7)  0.0304)  0.398(23)
2 0.346(7)  0.1926)  0.034(3)  0.419(19)

where neutron matrix elements follow from isospin
symmetry (u <> d).

APPENDIX C: RUNNING AND MATCHING
MATRICES

In this section, we present the analytic forms for
the leading order RGE and threshold matching matrices
(R and M) appearing in Eq. (8). Since the scalar and spin-2
operators do not mix with each other under RGE, in the basis
of Eq. (14), these matrices have the block diagonal forms

R = {R((’),R(Z)}, M = {M(O),M(Z)}, (C1)

where R©) and M), for § =0, 2, are the running and
matching matrices for the scalar (S = 0) and spin-2 (S = 2)
operators. Detailed discussion on the derivation of these
quantities can be found in Sec. III of Ref. [22].

The running and heavy quark threshold matching for
the spin-1 axial-vector operators are trivial at leading
order in a,, and hence we take R =M =1 in evolving
the coefficients cg,l). For scalar and spin-2 operators, the
running matrix R (u;, ;) from a high scale (1) to a low
scale () in the basis (u, d. s, ...|g) with n; flavors of quarks

has the form

S
RGy
(S) () (S) :
1(Ry;s —R))+JIR, :
R<S>(ﬂ17ﬂh>: (Rag qq) “ ) |
5 o
Ryq Ryq ‘ Ryg

(C2)
where 1 and J are ny x ny matrices corresponding to the

identity matrix and the matrix with all elements equal to unity,

respectively. The elements R SJS> are specified in Table III. The
elements for the spin-2 operator involve the function

32/9+2t/3
r([) — (as(,ul)) 2np/3-1T .

As (/’lh)

(C3)

For the scalar and spin-2 operators, the heavy quark (Q)
threshold matching between ny + 1 and ng-flavor QCD
involves the (ny+ 1) x (n; +2) matrix M), which is
given in the basis (u,d, s, ...|Qlg) by
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TABLE IIl. Running matrices at leading order in «, for scalar
and spin-2 quark and gluon operators in n-flavor QCD. Spin-2
operators are given in terms of the function r(¢) [see Eq. (C3)].

Operator Running matrix

oY), ol Ry =1.RY =0,
-1
REI%) _ ]6ac(lué)/ar(.uh)
sny —(11)
(0) 0) _ %s\Hi
Ry =0, Ryy =——+%
" “ as‘(ﬂl1)
2 2
0%, 0} R —R2) = r(0),

1 r16r(ng) +3n;
l’lf 16 + 3nf
(2) _ ]6[1 - r(nf)]
9 16 + 3”1]«
16430, Y 16 + 3n;

>

2
R;q), = r(0)|,

i}

0

) )
MgQ ‘ Mgg

1
0 --- 0 ‘
with the elements M I(JS) given in Table IV.

APPENDIX D: COLLECTION OF WILSON
COEFFICIENTS

In this appendix, we present the Wilson coefficients [in
the notation of Egs. (2) and (12)] that are obtained from
integrating out charged scalars as well as electroweak
vector and scalar bosons. We will begin with diagrams
that allow for y to scatter with quarks at tree level and will
then proceed to various loop-level processes in order of
increasing complexity. Throughout, we will parametrize the
Lagrangian governing the ultraviolet couplings (denoted as
Lyy) in a generic manner, although a simple mapping to the
MSSM can be performed by comparing to the particular
couplings of Appendix A. In this sense, the results

TABLE IV. Heavy quark threshold matching matrices at lead-
ing order in «, for scalar and spin-2 operators. The strong
coupling in the (1, + 1)-flavor theory is denoted a. m, and pp
correspond to the mass of the heavy quark and the scale at which
it is integrated out, respectively.

Operator Matching matrix

0) 5 (1)
04", O 0 _ —a(Ho (0)

?2) !(!2> MgQ - / 127 Mo =1
o,’, 0 2 _ % Ho 4.0

q 9 MgQ—glogmi, Mgg 1
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presented in this appendix can easily be applied to other
models involving Majorana DM and charged scalars. In the
case that two different sfermions can be present in the same
loop, Latin subscripts are used to denote the fields. For
example, we will often denote a single sfermion of a

generation as f; where i =1, 2. Alternatively, if the
sfermion must be colored (as in the one-loop couplings
to gluons), we will write g; to denote squarks.

For most of this appendix, the Wilson coefficients are
presented as integrals over Feynman and Schwinger
parameters, since they can be written in compact forms
that are easy to evaluate numerically. Of course, given
certain assumptions for the couplings and mass spectrum,
these integrals can be evaluated to obtain analytic forms.
For each diagram, in addition to the general model-
independent result, we will provide limiting forms for
three distinct cases, namely a right-handed stop degenerate
with a bino (Secs. III B and IV A), a right-handed sbottom
much heavier than the bino (Secs. III C and IV B 1), and a
right-handed sbottom nearly degenerate with the bino
(Secs. IIID and IV B 2).

1. Tree level

The simplest process that allows y to scatter with nuclei
is the tree-level exchange of a squark. Here, we have in
mind the exchange of a sbottom (as shown in Fig. 14) for
matching onto 5-flavor QCD, although these results may be
applied to first-generation squarks as well. Parametrizing
the UV couplings as

Luv D bb(a+pyiy+He., (D1)
and applying the appropriate Fierz transformations, we
obtain the Wilson coefficients in the limit that m; > m,,

C(O)bare _ _(aZ - ﬁz) m)(<a2 +ﬂ2)
b 4mh(m% -m2) S(m% - m2)*’
2.
are +
el ) o2
2(mz —my)

The above expressions agree with those presented in
Ref. [12]. For a right-handed sbottom, the coefficients
reduce to

Y
>

(=)

b —> > X

FIG. 14. Feynman diagram responsible for tree-level scattering.
Crossed diagram not shown.
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(O)bare (g/)zm)( (2)bare (g/)zm)(
Cp = 5 5 Cyp ~To/.2 2
72(m% —m?)? 18(m12~7 —m3)?
R R
(D3)

2. Higgs exchange

We now proceed to one-loop couplings to quarks. The
simplest example of this process is through the 7-channel
exchange of a Higgs that is radiated off of an intermediate
fermion or sfermion as shown in Fig. 15. For general
sfermion mixing, the Higgs possesses both diagonal and
off-diagonal couplings to the sfermions ]~‘1.2 as discussed in
Appendix A. We will parametrize the interactions respon-
sible for this process as

Loy > Y [Fif(af + 87 )x +Hel
,uﬁ,ij)

+

i<j

h(fiff+He) + 2hff.  (D4)

where the sum runs over a complete gauge multiplet of
sfermions (e.g., for a single right-handed stop, i = 1, while
for mixed left and right-handed stops and sbottoms i = 1,
2, 3, 4). The bare scalar Wilson coefficient is given by

cObare _ (g / g’ (ZM” + ZM) (D5)

i<j

where n, is the number of colors of fi. The contributions
M;; and M; correspond to the left and right diagrams of
Fig. 15, respectively, and are given by

(i)
1 K PRNONT)
M;; = T m~ imz A dxlay’a;” ((1 = x)m, + my)
) 1
() ) (1 — oV loe 2
+ﬂf ﬁf (1 =x)m, —my)] OgA_v
J
i i ! H2
M,z—z;((a}>)2—(ﬁ}>)2)/) dxxlog
/1? box )y2
—}—3 ; dxz[(af )2((1 = x)m, + my)
= (B(1 = x)my = my)?).
A= (x=1)(xm? - m]%i) + xmj. (D6)

Above, we have dropped terms, such as UV poles, that
vanish when summed over a complete gauge multiplet of
sfermions. Accordingly, the dependence on the renormal-
ization scale, u, should also vanish, but we have kept it to
allow for a more compact form.

In the case of a degenerate right-handed stop (m;, =m,),
the coefficient reduces to

PHYSICAL REVIEW D 93, 095008 (2016)
fi

-

q q q q

FIG. 15. Feynman diagrams responsible for couplings to quarks
through Higgs exchange. Charge-reversed diagrams not shown.

(¢)?

(0)bare _
36 mim,

P { g* cos 2tan’0),,

1 m2 /3 1
+-m?log m—g (F + ng cos Zﬂtanzew)
i v

2
+ (4m2/m? — 1)V 2tan™! (4m2 /m? — 1)1/
3 2 2
X [ n;t - (2 —m—tz> g° cos Zﬁtanzew} } (D7)
v m;

Similarly, for a nondegenerate right-handed sbottom, the
general results simplify to

(Obare _ —(¢')?¢* cos 2ptan’6),,
! 28877 m2m}
2 2 2 m127
R
X m)( - (mBR - m)() logw s (DS)

while for a degenerate right-handed sbottom we find

(Opare _ —(¢')?g? cos 2ptan’0),,
! 2887 mim,

(D9)

Let us compare these results to limiting forms presented
in Ref. [36]. For the case of a right-handed stop that is much
heavier than the bino, the Wilson coefficient reduces to the
approximate form

(¢ )2m?m1

2

C(O)bare
127%0? mhm~

P (D10)

while for a right-handed stop that is degenerate with the
bino but much heavier than the top quark,

(0)bare _, ( /)2 210g( 2/mtz)

c
q
247> v mim,

(D11)

Both Egs. (D10) and (D11) agree with the limiting forms
presented in Ref. [36], up to an overall sign. On the other
hand, we agree with the full result in Ref. [17], and we also
check that our expressions are consistent with low-energy
Higgs theorems [64]. As a result, we find that Higgs
exchange adds constructively with the gluon diagrams of
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fi
/“\
’ AY
f ! \
X . . X X 1 1 X
fa 1f; f /
fi\ /f]
\~ e
A
Z

q q q q

FIG. 16. Feynman diagrams responsible for couplings to quarks
through Z exchange. Charge-reversed diagrams not shown.

Sec. D6 when evaluating the scattering amplitude.
The phenomenological impact of this is discussed in
Sec. IVA.

3. Z exchange

Analogous to Higgs exchange, quark scattering can
also occur at one-loop order through the #-channel
exchange of a Z boson. As shown in Fig. 16, both diagonal
|

PHYSICAL REVIEW D 93, 095008 (2016)

and off-diagonal Z-sfermion couplings contribute. The UV
couplings are parametrized as

‘CUVDZ[}J_C(
+Z[

i<j

a](f) + ﬁ;f)ys))( +H.c]

(i)

210+ 10,0 + He.

+ Z,fr (g5 + 9t (D12)
where the sum over 7 runs over a complete gauge multiplet
of sfermions. Integrating out the Z in Fig. 16 generates the
axial-vector Wilson coefficient

it (353

(l)bare o
Cq

(D13)

where 7, is the number of colors of j‘,-. The contributions
M;; and M; correspond to the left and right diagrams of
Fig. 16, respectively, and are given by

(a8 + Bl 2 ! ’ ’
B f Y+ 5 a K
o 14— [Tax(an0e™ — an ,
i 1+ { T A x( R OgA/>]

fi /i

R0 = xym, = mp)?] 4 25 4 (2~

A,»E(x—l)(xmf(—mfﬂ—xmf

Here, we have dropped terms, such as divergent pieces, that
vanish due to gauge invariance when summed over a
complete multiplet of sfermions. Although the dependence
on the renormalization scale, y, also drops out, we have
kept it explicit above to allow for a more compact form.

In the case of a degenerate right-handed stop
(m;, = m,), the above result simplifies to

(¢ )29“92

1272 mxmz

(1)bare o

mz
p 1ogm—’t§+2(1 —2m2/m?)

x (4m2/m? — 1)~V ?tan~! (4m2 /m? — 1)V/2|.

(D15)

For a right-handed sbottom, we find

(1)bare

e =, (D16)

This can be understood in the following manner. We have set
the bottom quark mass to zero when matching at the weak

—2galpl) E_fdxxlogﬂ / dx—{gf[( DV2((1 = x)m, + my)?

—x)’m3)}.

(D14)

[
scale, and when the sbottom is purely right handed, this
corresponds to an enhanced chiral symmetry. In this case,
the bino’s coupling to the Z is proportional to photon
exchange, which vanishes at zero-momentum transfer due
to gauge invariance (as shown in the next section).

4. Photon exchange

The bino’s interactions with charged scalars also generate
an effective coupling to the electromagnetic current
JEM = 9F,,, where F,, is the photon field strength. The
relevant Feynman dlagrams are shown in Fig. 17. A
Majorana fermion may couple to the photon via the anapole
operator, defined in Eq. (31) of Sec. IV D.

The relevant interactions are parametrized as

Loy D f fla+priy—ieQA"fT0,f +Hel]

- leA”J_('},ﬂf’ (D17)

where e is the electromagnetic coupling constant and Q is
the electric charge of f (in units of e). Note that
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i
4 g N AY
1 \
X = f —>— X X—>—! L>—X
x 1z Fsr
f \\ ’/
p Y
v
FIG. 17. Feynman diagrams responsible for couplings to the

electromagnetic current. Charge-reversed diagrams not shown.

conservation of the electromagnetic current (9*JEM = 0)
implies that the photon cannot couple sfermions of different
masses. Therefore, left-right sfermion mixing does not
affect the form of these interactions. In the limit that the
fermion mass, mg, is much larger than the typical momen-

tum transfer of scattering events (\/—g*~ 50 MeV),
we find

—n.eQrq, I 3x—
chare = Z 9 ﬁ/ dx > (m% > —q°),

(D18)

where 7, is the number of colors of f, and

A=x(x- 1)m§+xm§+ (1 = x)m7. (D19)

This contribution has already been presented in particular
limits. For example, in the limit that m;, m, < m; and

a = —f = /2, the above form reduces to

2 2
Czare _ nCle/1 ﬂ
2.2 20
967 m3 ms
which agrees with Ref. [46].

However, in the limit that m} < —¢g?, the light fermion
cannot be integrated out, and instead of doing a
simple matching to the local anapole operator, we keep
the full ¢> dependence in c%°. In this case, c§*° takes a
more general form,

(D20)

Opbare _ gw / dx] /'l " de.XQ 1—X] 2)
1622 S 2AY

Xpm
A

32 2/ dxl/ - dXQXZ 1—X1
X

A3

L [1mx(a—ﬂ)+mt(a+ﬂ)]2},

+—E i, (a + B) + m(a - )]}
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t i
X —— >— ) X —— ——0
I I I
1 n 1 (I
t W t G
I I I
X —d <« ) X —d L <«
t t

FIG. 18. Box-type Feynman diagrams responsible for one-loop
couplings to quarks in 5-flavor QCD. Crossed diagrams not
shown. Here, G* is the charged Goldstone.

chure _ leaﬁ / / —x|

% |:)C2(2X2 +X1 - 2) (2)(2 - 1)(2X2 +X1 - 1)

A 2A ’
(D21)
with
A=ux(x; - 1)m} —l—xlm% + (1 =x)m3
+ X (%1 + x5 = 1)g?,
A=x(x - DmZ + (1 —xl)m% —l—xlmj%
+ x5 (x; + x5 = 1)g? (D22)

5. Box diagrams

In Sec. III B, box diagrams involving gauge and
Goldstone bosons contribute to one-loop couplings to
bottom quarks. The relevant diagrams are shown in
Fig. 18. We parametrize the bino-stop interactions as

Lyy Dtt(a+ pyd)y + He. (D23)

Similar to the tree-level calculations of Appendix DI,
obtaining the Wilson coefficients from the diagrams in
Fig. 18 requires the application of Fierz transformations.
Working in Feynman gauge, we find

~@CED) G imy (a4 B) + dmy(a— )

— | TG Brm (= )+ am a4 )

(D24)
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(2)bare

1=,
dxox1x(1 — x1 — x5)

dx1

{2A2(a+ﬁ) Al[xlm(a+ﬂ)+mt( /3)]2}

—X
/ / 1dxle)cz 1—x; —x)

x{222< - B2 + s b (= )+ e+ P
(D25)

2
ﬂGm

where g,, = —g/2v/2, Ag = m,/2v, and we have defined

A

x(x; = 1)

m; + Jclm;2 +xom¥y + (1 = x; — x3)m
(D26)

In the case of a degenerate right-handed stop (m, = m;),
the above form simplifies to

Cg)o)bare _ 48” / / dxyx x5 (x1 +x, — 1)
b xlm)(
4A2 2 3A3 2myy ) |
_ 2
c(pare _M / dx,
3672 0

I—x
X / ] dxyx1x(x; + x5 — 1)
0

2,2
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il

q/ \
1 \ 1 \
X 1 Ly X X 51 Ly X
q q
(S1) (S52)
KA _q_ﬁéﬁ
/, \\ /, N
\ 1 \
:99;99, aa;a; XX s Oa;a; X
q q
(F) (SF)

FIG. 19. Full theory Feynman diagrams responsible for one-
loop couplings to gluons. Charge-reversed diagrams not shown.

6. Gluon couplings in the full theory

In addition to coupling to quarks, y may scatter off
gluons at the one-loop level. The set of Feynman diagrams
for this process is shown in Fig. 19. This calculation is
simplified by working with the Fock-Schwinger gauge in a
background gluon field, where gauge invariance is made
manifest by expressing the gluon field directly in terms
of the field strength. However, this simplification comes at
the cost of breaking translational invariance, and, as a
result, different forms of colored propagators are needed
for the nonreversed and charge-reversed diagrams. We refer
the reader to Refs. [12,22,65] for detailed discussions. We
have cross-checked our results by computing also in
Feynman gauge. In this section, IR poles are regulated
with dimensional regularization in d = 4 — 2¢ dimensions.
Parametrizing the squark-bino interaction Lagrangian as

71 L MMy ‘CUV 2 Z] q (aq + /Bq}/s))( +H.c., (D28)
X lar Pl ts 5 ||
4A0°my, A 2myy
_ 2.2 ) o 5 we find that the gluon Wilson coefficients corresponding to
A = ximy + xpmiy + (1 =X = xp)m; (D27) " cach diagram (in Fock-Schwinger gauge) are given by
|
a1 x| ()
q/ dx 3[x/1 m, + g 'my| (mg > m, or my, > 0)
(0)bare 487 Jo A
Cy (82) = 5 ﬂ,(ﬂ )
a
—L (mzg = m, and m, = 0)
384x m,
ag (1 (1=-x)x[1
dx————|=4
127 A A? [2 e My
2)bare
e (82) = 1 (A m, 42 )mq)mf} (mg > m, or my, >0) -
+)
e (Lt log s+ 1) (mg = m, and m, =0)
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)mq (x(3x=2)+3) + 2/1((1+)m1(3x —1)x?

w257 Jo Aq
+4 [g/lq_ mq(x — 1)(mz(3x 4 1) + 3m;(1 — 3x)x?)
0)bar
Cé‘ ) Y(F) = —%ASIHm (x = Dx(4m2x*(6x — 1) = m2(9x +7))] ) (D30)
+ 3 (= 122 (2m2 = m2ym2xay my, + 25 my)} (m, > 0)
0 (mq = O)
T Jo dx D+ + 117 (m(3x - 1)
—imi(3x+5))+ %/le m,x(3x —2)]
+ 527 (x — 1)x(mj — xzmz)mx[xlgﬂmx + 25 m,]} (mz > m, and m, > 0)
—aSﬂEI { m, |: 3
are —22 + 10 2 2 +
e () = 1 o T O . (D3
(01 = 0> = 03),F (4, 0;4;%,,1%)}
2m? 2m?2
! j )log e +mz(m _m}%)} (mé > m, and m, = 0)
_z;;frf; (e,R +lo g— - ‘) (mg = m, and m, = 0)

where Ag,i) and A are defined to be

Zéi) =al + 2, A=x(x—1)m:+ xm% + (1 —x)mZ, (D32)

and 0;(,F;) corresponds to differentiation of the hypergeometric function ,F;(a, b; c;d) in its ith argument. The above

expressions for cé ) agree with the results presented in Ref. [12].
In the case of a degenerate right-handed stop (m, = m; ), the total contribution from the above expressions is

2 2 2 2
(0)bare as(d) m 3 ms; 2 m - -
O = Sndmt = |4 T2my 3w~ e e/ = 17 e o = DY
(2)bare as(g/>2 1 m)zf m)2( Tm 8m
Kl 18zm3 |2 Ogm,2 + 2 4 + 6 (4 i = 1)

10m2  92m* 68m®
1 — X a 2\ (4m2 /m2 — 1)-52tan=" (4m2 /m2 — 1)1/2| D33
( m? 3m? 3m?>( 7/mi = 1) an™ (4 /my = 1) (D33)

Similarly, for a nondegenerate right-handed sbottom (m, # m; ), we find

(0)bare _ —0 (g/)z ny,
g 8647 m%R (ml%R - m)%) ’
N2 s4m?2 —3mZ  Am? —m2 m? 2 2
e _ —s(g')" (T, T T, m I e ) () A I
g 2167[1’71)3( m)z( — m%R m}% m%R - mf 1087 (mlz;k - m)%)z €IR mﬁk - m}%
2 2 2
3 m2 (2 m: +m ) m3 2ml~7
—+(0; — 0, —03),F,|4,0;4; £ - = 1 A A . D34
+2+( 1 2 3)2 1< m}z{_m[z; >:| m)s( OgmiR_m}%"—m;(m%R_m)z()} ( )

Note that c(gz)bare has an IR divergence in the full theory, which arises as a singularity in the integration over Feynman

parameters. Upon performing weak scale matching, this is identified as an UV pole of the low-energy theory that is
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renormalized according to Eq. (13). The contribution from c,

yielding the finite renormalized coefficient

— 3m?

PHYSICAL REVIEW D 93, 095008 (2016)

(2>bare, using Eq. (D3), cancels the divergence precisely,

2 2
Ao —a,(g)* (Y5, n dmy —m o e\ _as(g)? n, Io W 43
. 216zm3 \ m2 — m123R m2 gmik - m? 1087 (m%k —m?)? gm%R -m: 2
m2 (2mb + m?) ml% Zm%7
+ (0 — 0y — 03),F (4, 0;4; g )} - £ log £ £ }, (D35)
2 m — m% m; m%R - m? mf((m%R - m})
I
lained in Eq. (19). i(p+
as explained in Eq. (19) i50)(p) = z(;j mg) (D38)
p-—my

7. Gluon couplings in heavy particle theory

In Sec. IIID, we discussed the modified matching
prescription when dealing with a light quark and nearly
degenerate squark (m,, 6; < m,). In this section, we will
present the gluon calculation using the Fock-Schwinger
gauge in the framework of heavy particle theory. We have
checked our results in the Feynman gauge. The relevant
leading order Feynman diagram is shown in Fig. 20. Two of
the four possible gluon diagrams vanish exactly in Fock-
Schwinger gauge as in Appendix D 6. These are the heavy
particle theory equivalents of diagrams “S1” and “SF” in
Flg 19. Furthermore, the diagram involving the 4-point
g — q — g — g vertex is found to be subleading in 1/m,,, and
therefore, only the diagram of Fig. 20 contributes at 1ead1ng
order. Parametrizing the heavy particle Lagrangian as

.
‘cHPT ) _m‘h'q(aq + ﬁqys))(v + H-C" (D36)
X

the diagram in Fig. 20 is written in the Fock-Schwinger
gauge as

GA GA / !l l 09
2m){ ap ™~ pu (27[)d -l - 6(} aklﬂ Oky,

x [i(k)(ay — Br°) iSO (1)y iSO (1 — ky)y”
X iSOl = ky = k) (ag + o )u(k)]|y, ,—o» (D37

iM=_—"2

where k is the residual bino momentum (p = m,v + k),
and we have defined the free quark propagator

1R

N
1/ A\

Xv Xv
q
g g

FIG. 20. Leading order Feynman diagram responsible for one-
loop couplings to gluons in heavy particle theory. Single (double)
lines correspond to relativistic (heavy particle theory) fields.

The tensor GA GA can be projected onto the scalar and
spin-2 gluon currents defined in Eq. (3) as'

1 0
GA G,/H‘v = m (ga/}g;w - gaugﬁy)Og

@

2
—2 (_ga/i Og’ﬂl ~ Ogaﬁ

2 2
+ gowo(gﬂL + gﬂﬂO‘(qaL) + - (D39)
where the ellipsis denotes higher spin tensor con-
tributions.
Using the top line of Eq. (D39) in Eq. (D37) leads to

LObare _ 2i7rasmq/ d’l AE,*’qu /l(q_>l2
J dm Q) (P =m2)*(v-1+5;)
(D40)

4

where /lgi) = (a2 + f2). The coefficient céz) is similarly
evaluated by using the bottom line of Eq. (D39) in
Eq. (D37). We find

()
Opare _ XM [ 1Ag 2LF 16
T %am, A A = g (A my 7).
e
(2)bare A o q (+ )
=% [T 104
“ 167m, /0 {3& el

+ 325722 4+ 825 m )
3x?

- 128A%

(4m2 = x2)(225 ) m, + zg“x)] ,
(D41)

where x is a dimensionful Schwinger parameter and
A= —x +0zx + mq

'Note that the last two terms of the second line of Eq. (D39)
differ by a sign from those of Eq. (50) in [12].
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