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The lightest neutralino (7?) is a good dark matter (DM) candidate in the R-parity conserving minimal
supersymmetric Standard Model. In this work, we consider the light Higgsino-like neutralino as the lightest
stable particle, thanks to a rather small Higgsino mass parameter y. We then estimate the prominent

radiative corrections to the neutralino-neutralino-Higgs boson vertices. We show that for Higgsino-like 79,
these corrections can significantly influence the spin-independent direct detection cross section, even
contributing close to 100% in certain regions of the parameter space. These corrections, therefore, play an
important role in deducing constraints on the mass of the Higgsino-like lightest neutralino DM, and thus the

U parameter.
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I. INTRODUCTION

A prime motivation for supersymmetric extensions of the
standard model of particle physics (SM) have been to
address the “naturalness” concerns. While there are several
studies in literature to quantify “naturalness” in a super-
symmetric framework, the measure of naturalness is often
debated [1-7]. In the minimal supersymmetric extension of
the standard model (MSSM), a small value of the Higgsino
mass parameter y [1,2,4,5] and possibly rather light stop
squarks and gluinos (<2-3 TeV) [6—10] remain desirable
in “natural” scenarios at the electroweak (EW) scale.

At the Large Hadron Collider (LHC), the discovery of
the Higgs boson has established Standard Model (SM)
physics. However, in spite of strong motivation for physics
beyond the standard model, no hints for the same have been
observed so far. The constraints on the supersymmetric
spectrum [11-17], while generally dependent on the nature
of the low-lying states, have been raising concerns about
the naturalness requirements [6—10]. In this regard, within
the minimal supersymmetric standard model (MSSM)
paradigm, the constraint on the y parameter is of particular
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interest. This has been widely studied in literature in the
light of LHC." In the minimal construct, a small Higgsino
mass parameter u [of O(100) GeV] is of relevance.”
Assuming that the gaugino mass parameters M| and M,
are in the ballpark of multi-TeV, such a scenario leads to a
compressed Higgsino spectrum. In the R-parity conserving
scenario, where the lightest supersymmetric particle (LSP)
is stable. This leads to the Higgsino-like lightest neutralino
being a dark matter (DM) candidate. Such a scenario
attracts rather weak constraints from the electroweakino
searches at the LHC, as the decay of the next two heavier
(Higgsino-like) states lead to soft SM particles in the final
states at the collider.

Several studies have considered the prospects and con-
straints on the lightest neutralino in the light of collider and
DM searches. Also, the implications of a compressed
Higgsino-like spectrum at the LHC have been studied
widely [23-34]. While the neutralino and chargino pair
production cross sections are sizable, especially for small p,
the soft decay products in the compressed spectrum ensure
that the constraints are rather weak. With Higgsino-like
neutralinos as DM candidates, a complimentary set of
constraints on the y parameter [33,35,36] also follow from
the direct [37—40] and indirect [41-43] searches for DM.

'Within the high-scale supersymmetric models, a moderate
value of the y parameter may be realized in the focus point region
[3,18-22].

“Note that, the fine-tuning measure, estimated following the
electroweak naturalness criteria, is stated to be about O(10-100)
assuming the masses of the third-generation squarks and gluons
in the ballpark of several TeV [6].
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In the present work, we revisit the implications of the spin-
independent direct detection constraints on the Higgsino-
like (7). As the coupling of CP-even neutral Higgs bosons
with a pair of 7 is vanishingly small at the tree level, the
contribution to the spin-independent neutralino-nucleus
interaction process is supplressed.3 Consequently, the radi-
ative contributions to the scattering process need to be
considered in order to accurately estimate the relevant cross
sections. While such a scenario has been previously con-
sidered in the literature, in the context of pure Higgsinos, the
importance of radiative corrections to the direct detection
process has received some attention [47—50].4

We improve the estimation of the radiative corrections to
the spin-independent direct detection cross section, by
incorporating the contributions from the gauge bosons,
the Higgs bosons, the respective superpartners and the
third-generation (s)quarks to the relevant vertices involving
neutralino and Higgs bosons. Further, we renormalize the
chargino-neutralino sector using the use the on shell
renormalization scheme and estimate the relevant vertex
counterterms, thus paving the way towards a full one-loop
treatment to the neutralino-Higgs boson vertices.

In order to satisfy the thermal relic abundance of
Qpyh? ~0.12, as required by cosmological considerations
[59,60], the Higgsino-like neutralino LSP must be around
1 TeV and can be lowered further in the presence of
coannihilation [33]. Below this mass scale, it is generally
under abundant. However, there are viable nonthermal
production scenarios, where adequate production of such
DM may be possible in the early Universe [61,62]. Further,
the presence of additional DM components, e.g., axions,
may contribute to the DM abundance [44,63,64]. In this
work, we will not concern ourselves with satisfying the
thermal relic abundance in the early Universe. We will only
focus on the impact of certain radiative corrections on such
a DM candidate in the light of direct DM searches. Note
that if the LSP constitutes only a fraction of the required
DM relic abundance (and, therefore, the local DM density),
the constraint on the DM-nucleon scattering cross section
from direct searches will be relaxed in the same proportion.

This article is organized as follows. In Sec. II, the
chargino-neutralino spectrum of interest has been described,
and the tree-level interactions between 7 and the CP-even
Higgs bosons are described. Following this, in Sec. III, the
generalities of (spin-independent direct detection of DM and
the implications in the context of a Higgsino-like DM
candidate have been discussed. Subsequently, in Sec. IV,

*We note in passing that for a mixed LSP, significant parts of the
MSSM parameter space have been ruled out by direct directions
constraints unless one hits the “blind spot” [44,45]; a similar
situation arises if one tunes the Yukawa parameters leading to
cancellation among different contributing processes [46].

Certain classes of radiative corrections to the direct detection
process and the relic abundance in the context of neutralino DM
have been studied in Refs. [51-58].

we present the important electroweak radiative corrections to
the vertices involving neutralino and the Higgs bosons and
study its impact on the spin-independent DM-nucleon
cross sections. We also reflect on the parameter region
where such corrections are significant and comment on
the implications on the viable region for the Higgsino mass
parameter p. Finally, in Sec. V, we summarize the results and
conclude.

II. THE FRAMEWORK

In this section, we briefly discuss the chargino-neutralino
sector in the MSSM; in particular, we focus on the
parameter region with rather small Higgsino mass param-
eter 4 and light Higgsino-like states.

A. The spectrum: Compressed Higgsinos

In the gauge eigenbasis expressed in terms of the Weyl
spinors (the charged wino (W), and charged Higgsinos
(hf), for i€{1,2}) with yt = (W, k)" and w~ =

(W=, hy)T, the tree-level mass term for the charginos is
given by [65]

—Lius =y 'My" + He. (1)
The mass matrix M€ can be expressed as

V2My, sinﬂ)

we—( " @)
V2M y cos B U

Here M, and u stand for the supersymmetry breaking
SU(2) wino mass parameter and the supersymmetric
Higgsino mass parameter, respectively. My, is the mass
of the W boson, and tanf is the ratio of the vacuum
expectation values (VEVs) of the up-type and the down-
type CP-even neutral Higgs bosons. The matrix M can be
diagonalized with a biunitary transformation using the
unitary matrices U and V to obtain,

M§, = U*M°V~" = Diagonal(my: my: ). (3)

The eigenstates are ordered such that my« < m. The left-

and right-handed components of these mass eigenstates, the
charginos (7; with i € {1,2}), are

PL)?;’+ = Vijl//;, PR)?,’+ = U?j‘l/_;9 (4)

where P; and Py are the usual projectors, 1//_]‘ = 1//;1', and

summation over j is implied.

For the neutralino states, in the gauge eigenbasis [con-

sisting of the bino (B"), neutral wino (W?), and down-type

and up-type neutral Higgsinos (71? and fzg respectively)],
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w® = (B, W3, kY, h9)7, the mass term takes the following
form [65]:

1
—Linass = EV/OTMHWO + H.c. (5)

The neutralino mass matrix M" is given by

M] 0 —Mz.S'WC/j M2SWSﬁ

M — 0 M2 MZCWCﬁ _MZCWSﬁ
_MZSWCﬂ M2CWC[; 0 —HU
Mzswsﬂ —M2CWSﬂ —HU 0

(6)

In the above equation sy, sj, cy, and ¢z stand for
sin Oy, sin 3, cos Oy, and cos f, respectively while 8y, is
the weak mixing angle. M, is the mass of the Z boson, and
M, is the supersymmetry breaking U(1), gaugino (bino)
mass parameter. M" can be diagonalized by a unitary
matrix N to obtain the masses of the neutralinos as follows:

M}, = N*M"N~" = Diagonal(mgmzpmzmzy). (7)
The eigenstates (7V) are ordered according to the respective

- 5
mass eigenvalues as follows, My < My < Mg < Mo,

These eigenstates satisfy 79 = 79, where the superscript
c stands for charge conjugation. The left-handed compo-
nents of these mass eigenstates, the Majorana neutralinos,
7% (i€{1,2,3,4}), may be obtained as

P} =N, (8)

where summation over j is again implied.

The analytical expressions corresponding to the chargino
and the neutralino mass eigenvalues have been obtained in
the literature [66,67]. However, a numerical estimation of
the eigenvalues is straightforward and convenient, espe-
cially in the case of the neutralinos.

In the region of interest in this article, the Higgsino mass
parameter is rather small in comparison with the gaugino
and the wino mass parameters, i.e., |u| < |M;|, M,; the
masses of the light Higgsino-like particles may be approx-
imately given by [47,68]°

M3, sin 23
mye = |ul <1 -
HM,
M3 . sin?, cos6?
My, = tu == (1 £sin2f) (TI+TZ
+ rad corr. )

) + O(M5?) + rad corr

>Note that some of the eigenvalues may be negative depending
on the input parameters. In such cases, the chiral rotation of the
corresponding mass eigenstate may be performed to change the
sign of the eigenvalue.

®An exact analytical result may be found in Refs. [69,70].

In the above expression, subscripts a(s) refer to antisym-
metric (symmetric) combinations of up-type (43) and
down-type (fz(f) Higgsinos constituting the respective mass
eigenstates. Here, the symmetric and antisymmetric states
refer to the Higgsino-like states with compositions without
and with a relative sign between N;;3 and N4, respectively.
It has been pointed out in the literature that, due to the

mixing effects, the mass differences Am; = Miye — M0

may become very small in certain regions of the parameter
space [27,29,71,72]. In the present context, we will con-
sider the mass differences Am;, Am, > O(1 MeV). Thus,
as we will discuss in the next section, in the direct detection
experiments, only the elastic scattering of 7} with the
nucleon will be relevant.

B. Neutralino-Higgs boson(s) interaction:
Tree-level and at one loop

As we will elaborate on in Sec. III, for the spin-
independent direct detection of 7, the relevant vertices
involve the lightest neutralino and the CP-even Higgs
bosons. The gauge symmetry of the MSSM, particularly
the electroweak gauge group, prohibits any superpotential
term with two Higgsino states and a Higgs boson in the gauge
eigenbasis. Therefore, the tree-level interaction term, in the
gauge eigenbasis, involves one Higgsino, one gaugino, and a
Higgs boson. Consequently, in the mass eigenbasis, the tree-
level vertex takes the following form [65]:

1 - .

L2 =smZ(Ci Py +CIPLT

1. y
—Ehzl?(cgpk +C5PLRY, (10)

where CF = CF* for i € {1,2}, and

CR = (S;sina+ S, cosa), (11)
C¥ = (Sysina — S cosa), (12)
S; = gaN13(Nyp — tan Oy Ny, ), (13)
Sy = ¢aN14(N1p — tan Oy N ). (14)

In the above expressions, i; and h, denote the 125 GeV
Higgs boson and the heavy Higgs boson mass eigenstates,
respectively, g, denotes the SU(2) gauge coupling, and «
denotes the mixing angle in the CP-even Higgs sector.
Note that in the above equations, N; and N, denote the bino
and wino composition of the lightest neutralino mass
eigenstate, while N, and N3, denote the respective down-
type and up-type Higgsino fractions in the 7Y, respectively.
For Higgsino-like 7!, the gaugino fraction is very small
compared to the Higgsino fraction, i.e., |[N3|*> + |N4]* >
IN11|? 4+ |N2|>. Thus, the tree-level vertex involving the
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CP-even Higgs bosons is suppressed by a rather small
gaugino component of the mixing matrix (i.e., N;; and
Ni,). As pointed out, the radiative corrections to these
vertices play an important role in the spin-independent
direct detection process; this will be illustrated in Sec. IV.

To treat the interaction Lagrangian at one-loop level, the
counterterm Lagrangian Lot should be added to the tree-
level Lagrangian L... The Lagrangian, thus takes the
following form:

L :£B0m+£CT» (15)

where Ly, is written using the renormalized fields, and
Lcr involves the contributions from the relevant counter-
terms. The “bare” and the renormalized neutralino mass
eigenstates are related as follows:

1 1 .
)?9 bare _ <6ij + E 5ZijPL + 5 5Z?jPR>}~(? renormallzed, (16)

where the index j has been summed over j€{1,2,3,4}.
The wave function renormalization counterterms 6Z;; are
determined using the on shell renormalization schemes [73],
a comparison among different variants can be found in
Ref. [74]. Similarly, for the CP-even neutral Higgs bosons
the bare and the renormalized mass eigenstates are related
as follows:

1

hliaa.re - (5,1 + 2

522,) h;ﬁnormalized’ (17)

where the index j has been summed over j € {1,2}. The on
shell renormalization prescription is used to determine the
wave function renormalization counterterms 525 . With the
above relations, the counterterm Lagrangian Lcr relevant
for the present discussion can be obtained as follows:

| -

+ %hj(?(éCfPR + 8CEP)A,

where the renormalized fields are used in the counterterm
Lagrangian; we have dropped the respective superscript. At
the one-loop level, the neutralinos, charginos, gauge
bosons, and the Higgs bosons contribute to the 79, 7Y, h;
vertices. Further, there can be sizable contributions from
the third-generation (s)quarks, thanks to the sizable
Yukawa couplings, as will be discussed in Sec. IV. Note
that for all our benchmark scenarios, as described in
Sec. 1V, the lightest eigenvalue of the neutralino mass
matrix M" is positive. Consequently, for the benchmarks
presented in Sec. IV (Tables I and 1), C¥ = CF and 6CF =
SCR for ie{1,2}.

C. Constraints on the parameter space

A small u < |M,|, M,, as discussed above, leads to a
compressed spectrum with three closely spaced states
.75, 7F. The LHC sets stringent limits on chargino
and neutralino masses, from pair productions of charginos
and neutralinos and the subsequent decay of those to 7! and
SM particles. These limits are sensitive to the mass
difference of the heavier chargino and neutralino states
and the LSP (;?‘1)). As for small mass splittings, the relevant
bounds on the compressed spectrum can be found in
Refs. [15,75-77]. For 300 (600) GeV Higgsino-like neu-
tralinos, Am; < 0.3(0.2) GeV is disfavored [77], and the
constraints weaken for heavier mass. Searches targeting
mass splittings around the electroweak scale may be found
in Refs. [11-17], where decays of the heavier neutralinos
into on shell gauge bosons or Higgs bosons and the LSP, as
well as their three-body decays have been considered.
However, as |M;|, M, > |u| in our context, these con-
straints are not very relevant to the present discussion. We
have considered the following constraints on the spectrum
for our benchmark scenarios presented in Sec. IV:

(i) We have constrained the lightest C P-even Higgs mass

my, within the range 122 < m;,(GeV) < 128 [78-80].
Note that the experimental uncertainty is about
0.25 GeV and the uncertainty in the theoretical
estimation of the Higgs mass is about +3 GeV, see
e.g., [81] and references therein.

(i) The squarks and the sleptons masses have been
assumed to be above 1.5 TeV, and the gluino mass is
kept above 2.2 TeV, respecting the constraints from
the LHC.

(iii) In our scenario, with |u| < |M,|, M,, the low-lying
Higgsino-like states form a compressed spectrum.
The u parameter has been chosen such that
LHC constraints on the compressed spectra are
respected [15,75,76]. We have also used SModelS
(version-2.3.0) [82-90] to check our benchmark
scenarios.

(iv) However, we have relaxed the constraints on the relic
density of DM (i.e., Qpy ~0.12). As 79-may not
constitute all of the DM, constraint from indirect
searches on the Higgsino-like DM [36,41,42] has also
been relaxed.

III. DIRECT DETECTION OF DARK MATTER:
IMPLICATIONS FOR A HIGGSINO-LIKE LSP

A. Generalities of direct detection

In this section, we describe the generalities of spin-
independent direct detection and sketch the implications for
the Higgsino-like 7)-nucleon scattering. In the context of
direct detection, the differential event rate per unit time at a
detector, as a function of the nuclear recoil energy Epy, is
given by

023043-4
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dR _ pi(l) Ti€§C

dER m)?(l) Vmin

dU(U, ER)

dPofg(v)v dE,

(18)

In the above -equation, Py is the local density

(0.3 GeV cm™?), ny is the number of target nuclei in the
detector and o(v, Eg) denotes the scattering cross section
with the nucleus. Further, f:(7) denotes the velocity
distribution in the Earth’s rest frame and fy(¥) =
f(¥+ ¥g), where f is the distribution function in the
galactic rest frame and 7y is the velocity of Earth with
respect to the galactic rest frame and v, is the escape
velocity of our galaxy. Further, v2, = "ZWEZR is the minimum
speed of the DM particle required to impart a recoil energy
Eg, where my is the mass of the target nucleus, and M, is the
reduced mass of the DM-nucleus system. The cross section
with a nucleus (atomic number A and charge Z) is given by

dG mry

— (0, Ep) = ———
(U R) 2M%2}2

2( 42
o (@) (19)

where my is the mass of the target nucleus, g> = 2m;Ep is
the square of the momentum transfer, and F stands for the
form factor, which will be taken as the Woods-Saxon form
factor [91]. Further, o is the (spin-independent) DM-nucleus
scattering cross section. In the present context only spin-
independent cross section is relevant, which, at zero
momentum transfer is given by o,

B. Dark matter-nucleon spin-independent
elastic scattering

In the following, we briefly discuss the relevant parton
level effective Lagrangian leading to the spin-independent
interaction [92],

Letr D A000a9 + 9,077 (ar,0,9 — 0,ar.9)
+ Lgff. (20)

In the above equation, the first term in the right-hand
side receives contributions largely from the scattering proc-
esses mediated by the Higgs bosons. In particular, in the limit
of no mixing in the squark sector, the contribution from the
squark sector to this operator vanishes [92,93]. The next term
captures the effect of squark-mediated s-channel scattering
processes. Further, £%; denotes the relevant effective inter-
actions with gluons which contribute to the spin-independent
neutralino nucleon scattering process [92,93].

We now focus on the implications for a Higgsino-like 79,
as we consider in the present context. For such states, the
Higgsino fraction is much greater than the gaugino fraction
(i.e., |Ny3l, [N14] > |Ny1|, [N12]). Therefore, the tree-level
coupling involving two neutralinos and the Higgs bosons
[see Eq. (14)] are small, as these are suppressed by a factor of
the gaugino component of the Higgsino-like neutralino
state. Note that, in the present context we consider
|M|,M, <5 TeV and the Higgsino mass parameter

lu| <1 TeV. Consequently, the gaugino fraction in the
lightest neutralino is typically O(1072). Thus, the tree-level
Higgs boson exchange contributions, while small, can be
significant and generally non-negligible. The tree-level
contributions from the (s—channel) squark-mediated proc-
esses are suppressed by an additional factor of a rather small
gaugino fraction in 79 and/or an additional factor of Yukawa
coupling for the first two generation of (s)quarks as
compared to the tree-level Higgs boson exchange processes.
Further, we have considered the first two generations of
squarks to be very heavy (>O(2)) TeV for all our bench-
mark scenarios, as will be described in Sec. IV. Therefore,
contributions from the respective squark-mediated proc-
esses (and their contributions to the neutralino-gluon effec-
tive operators) remain subdominant in the present context. In
the following, we first describe the Higgs exchange con-
tribution, as the focus of the present study is on the radiative
corrections to the neutralino-Higgs boson vertices.

The effective parton-level interactions, as mentioned in
(20) leads to the following effective interaction Lagrangian
with the nucleon N € {n, p}, where n and p stand for
neutron and proton, respectively,

LS vl wnw. (21)

where fy denotes the effective coupling and ypy denotes
the field describing the nucleon N. The important con-
tributions from the two CP-even neutral Higgs boson
mediated processes in the spin-independent cross section
og; comes from its contribution to the coefficient 4,. The
contribution from the two CP-even neutral Higgs bosons
Al is given by

= 3 S
¢ T 22
i=1 mj,

(22)
In this expression, C; = Ct as mentioned in (14) and Cig
denotes the coupling of the same Higgs boson and
quark(q) [65]. The respective contribution to the spin-
independent elastic scattering cross section may be
expressed in terms of their contribution to the effective
interaction strength f [92,94,95],

H H
H) ud,s N )“q 2 c.bit N ﬂq 87 N .
— > ANE Ly 4+ — T;|:

I mN< q qumq+27 q Tqu+9aS 7"MN T g
Ne{p,n}, (23)

where [92,96],

1 u,d,s
N _ - N _ 1 _ N
Iz, = my (N|myqq|N). 7o = 1 % Ir,

_asl 2 Ci C%I,

T 4x24i5im G m%l_ '
i J

(24)
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In the above equation, fl}’q denotes the contribution of

the (light) quarks g€ {u,d,s} to the mass my of the
nucleon N.

2
Further ag = i—fr, gs denotes gauge coupling for the strong
interaction; m; and Cjilj denote the mass of the jth squark

and its coupling with the ith (CP-even) neutral Higgs
boson, respectively. The heavy quarks ({c, b, t}) contribute
to f through the loop-induced interactions with gluons. In
Eq. (23), the first term includes a contribution from the
effective neutralino-quark interactions; the second and the
third term includes the contributions from the effective
interaction with the gluon fraction. In particular, the second

term (proportional to f’}’c i—"H) and the third term (propor-
q

tional to f’}’( myT5) include the relevant contributions from

the heavy quarks and all the squarks to the Higgs bosons-
gluon effective vertices, respectively.

A brief discussion on various other important contribu-
tions to the DM-nucleon scattering is in order. In addition to
the contribution from the Higgs boson exchange processes,
there are tree-level contributions to f, from squark
exchange processes. As already mentioned, in the present
discussion we assume the (first two generations of) squarks
to be very heavy. In such a scenario, the dominant
contribution to the spin-independent neutralino-nucleon
interaction is mediated by the Higgs bosons. Further, the

contribution to fZ(VH) from the term proportional to T,
which incorporates the squark contributions to the effective
vertices involving Higgs bosons and gluons, is suppressed
for heavy squark masses. In the present context, the only
the third-generation squarks are relatively light, around
1.5 TeV. Regarding other important radiative corrections,
the supersymmetric-QCD corrections to the Higgs and
the down-type quark vertices [100]; the one-loop correc-
tions to the neutralino-gluon interactions originating
from the triangle vertex corrections involving (s)quarks
at the Higgs-gluon-gluon vertex, and also the box dia-
grams involving (s)quarks can be sizable [92]. These
contributions have been implemented in the numerical
package micrOMEGAs [91] following Ref. [92].® Further,

"We have used the scalar coefficients for the quark content in
the nucleons as implemented in micrOMEGAs [97], where the mass
ratios of the light quarks have been estimated using chiral
perturbation theory, see, e.g., [98]. For a discussion on hadronic
uncertainties in the DM-nucleus scattering cross section, see,
e.g., [99].

Note that, for our benchmark scenarios, all the relevant tree-
level processes, including the squark exchange processes, and the
radiative corrections mentioned above, have also been consid-
ered; we have used micrOMEGAs for the same. However, the
percentage change in the scattering cross section has been
estimated for the vertex corrections to C;. For the radiative
corrections implemented, as described above, we have checked
that the contributions are about 10% to the spin-independent
cross section for the benchmark scenarios.

contributions from the box diagrams to the DM-quark
scattering involving electroweak gauge bosons have been
considered in the literature [48-50]. In Ref. [50], it has been
shown that the tree-level Higgs boson exchange contribu-
tion to the (Higgsino-like) neutralino-nucleon scattering
dominates over these contributions when the gaugino mass
parameters are less than 0(5—10) TeV, as is relevant in the
present context.

As is evident from the discussion above, the interaction
rate is proportional to f%, which involves the square of the
LSP-Higgs bosons vertices C;. As discussed above, several
dominant one-loop contributions to the scattering process
have been estimated and incorporated in the publicly
available packages, e.g., micrOMEGAs [91,101,102].
However, a detailed estimation of the one-loop corrections
from the modification of the neutralino-Higgs boson
vertices C; have not received adequate attention.” In
particular, for an almost pure Higgsino-like LSP, which
is often relevant for a natural supersymmetric spectrum, the
small (but generally nonvanishing) gaugino fractions imply
that the tree-level value of C; to be small. Therefore,
radiative corrections to the same vertices can play a crucial
role in the estimation of the cross section. In Fig. 1, some of
the important diagrams contributing to the vertex correction
have been depicted. We consider all the triangle diagrams
involving charginos, neutralinos, gauge bosons, and Higgs
bosons which contribute to the vertex corrections to the
¥1 —y1 — h; vertices. Further, as the Yukawa couplings for
the third-generation (s)quarks are large, contributions from
the third-generation (s)quarks have also been considered.
As the loop diagrams with two fermions and one boson are
generally UV divergent, we have included the vertex
counterterms, and ensured the UV finiteness of the overall
contributions. Note that the wave function renormalization
counterterms also include the effect of mixing of the tree-
level fields (due to radiative corrections from the two-point
functions) appearing in the external lines. The complete set
of radiative contributions considered in this work have been
described in Appendix B, and the counterterms have been
mentioned in Appendix C.

IV. RESULTS

In this section, we present the results highlighting the
importance of the radiative corrections to the vertices
involving neutralino and Higgs bosons, as discussed in
Sec. III, to the (spin-independent) direct detection process
in the context of a Higgsino-like 7.

%Certain subsets of the diagrams have been considered in
Refs. [47-50] in the limit of a pure Higgsino or Higgsino-like
neutralino DM; a full calculation of the vertex corrections,
involving the respective counterterms, is not available in the
literature to our knowledge.
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Xi X

:hl/hQ :hl/hZ

FIG. 1. Some important contributions to the ;?? - ;?‘1) — h; vertices at one-loop level.

A. Implementation evaluated using those parameters. The input param-
eters M|, M,, and y in the chargino-neutralino sector
are varied to obtain different benchmark scenarios,
as presented in Tables I and II. The details of the
benchmark scenarios will be discussed in the next
subsection.

(ii)) To evaluate the radiative corrections to the
7Y =70 — h; vertices, we have used the publicly
available packages FeynArts (version 3.11) [104,105],
FormCalc (version 9.10) [106], and LoopTools (version
2.15) [106]. In particular, the Feynman diagrams
are evaluated using FeynArts, and the vertex correc-
tions are calculated using FormCale. Further, the
radiative contributions are expressed in terms of
the Passarino-Veltman integrals (briefly discussed in
Appendix A) and numerically evaluated for the
benchmark scenarios using FormCale and LoopTools.
Further, the UV finiteness of the radiatively corrected
vertex factors (including the counterterm contribu-
tions) have been numerically checked using the pack-
ages mentioned above. Finally, the numerical results
are stored in data files. To determine the relevant
counterterms, we have used the on shell renormaliza-
tion scheme. We have used the relevant counterterms
implemented in FormCale, as described in Ref. [107].

(ii1)) To evaluate the direct detection cross sections
micrOMEGAs [91,101,108,109] (version 5.2.1) [102]
has been used. We generated the model files

FIG. 2. The flowchart for implementation of the relevant for micrOMEGAs using SARAH (version 4.14.5)

corrections to the neutralino-Higgs boson(s) vertices. package [110] on the Mathematica platform. We

We begin by describing the procedure to compute the
radiative corrections. The steps have been sketched in the
flowchart shown in Fig. 2:

(i) We generated the benchmark scenarios using the

spectrum generator SPheno [103] (version 4.0.4).
The parameters are read from the output file and
the relevant radiative corrections are numerically

Generated MSSM parameter file using
SPheno

Read the parameters from this file and
evaluated the loop expresssions

Wrote the output in a data file and
linked the file to micrOMEGAs model
file

Added the vertex corrections to the
required vertex factors

Got the loop corrected cross sections
with the help of micrOMEGAs
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TABLE I. The benchmark scenarios with a Higgsino-like ;?? have been tabulated for |u| = 300 GeV. HF stands
for Higgsino fraction. The fixed input parameters are: the mass of the pseudoscalar Higgs boson m, = 1.414 TeV,
and tan / = 10. The gluino mass parameter M3 = 3 TeV. The trilinear coupling for two stops with the Higgs boson
is set as T, = —3 TeV. The soft-supersymmetry-breaking mass parameters for the left-type and the right-type stop
and sbottom squarks are as follows: my, = 2.69 TeV, m;, = 2.06 TeV and mj = 2.50 TeV. As for the physical
masses, the charged Higgs boson mass M- = 1.416 TeV, the CP-even Higgs mixing angle a = sin~!(—0.1). For
all the benchmarks, the third-generation squark mass and mixing parameters are taken as the lightest stop mass
my = 2.05 TeV, the heaviest stop mass my, = 2.71 TeV, the lightest sbottom mass m;, = 2.50 TeV, the heaviest

sbottom mass m; = 2.69 TeV.

Parameters BPla BP2a BP3a BP4a BP5a BP6a
u (GeV) 300 -300 300 -300 300 300
M, (GeV) —5000 —5000 5000 5000 —4000 4000
M, (GeV) 4000 4000 4000 4000 5000 5000
m (GeV) 299.17 299.44 298.72 299.14 299.44 298.88
msy (GeV) —-300.44 —300.66 —300.74 —301.11 —300.29 —300.66
My (GeV) 4000 4000 4000 4000 —4000 4000
m (GeV) —-5000 —5000 5000 5000 5000 5000
My (GeV) 299.56 300.2 299.56 300.2 299.67 299.67
M (GeV) 4000 4000 4000 4000 5000 5000
my, (GeV) 122.92 122.79 122.73 122.61 122.81 122.65
my, (GeV) 1386 1468 1407 1448 1425 1450
HF 0.9997 0.9998 0.9997 0.9998 0.9998 0.9998
Ny (x1073) —6.291 —5.145 7.087 5.795 —7.756 -9.004
Ni5(x1072) —-1.679 —-1.373 —-1.677 —-1.372 -1.322 1.321
N3 0.708 —0.707 0.708 —0.708 0.708 —0.708
Nia —0.706 —0.706 —0.706 —0.706 —0.706 0.706

modify the relevant vertices in the code to include the
radiatively corrected vertices. For each benchmark,
then, the corrected vertices are read from the output
file, as described above, using a subroutine. Thus, the
radiatively corrected vertices are used to evaluate the
spin-independent direct detection cross section.

B. Benchmark scenarios

In this subsection, the benchmark scenarios have been
discussed. The benchmark points have been described in
Tables I and II.

As we focus on the Higgsino-like 79 DM, |u| <
|M |, M, have been set for all the benchmark scenarios.
The tree-level vertices C,»L/ R, as described in Eq. (14), are
proportional to the product of the gaugino and Higgsino
components of ;?‘1). Thus, the tree-level spin-independent
cross section (ogy) is sensitive to the variation in the
gaugino-Higgsino mixing. With |M |, M,, and |u| fixed,
the gaugino-Higgsino mixing is sensitive to the signs of M
and p. Consequently, the tree-level spin-independent cross
sections and the relative contributions from the radiative
corrections to the 7 — 79 — h; vertex factors can be very
different even for very similar chargino-neutralino masses.

In the benchmark scenarios, with |u| < [M |, M,; we have
varied the sign of g and M, to illustrate this variation.
Further, the order of M| and M, have been altered to study
the effect of the variation in the gaugino components.
The benchmark points BP-la to BP-6a, as shown in
Table I reflect scenarios with |u| =300 GeV. Setting
|M |, M, > |u| ensures that 79,79, 7{ are closely spaced
and are Higgsino-like states. For the benchmark scenarios
BP-1b to BP-6b, as shown in Table II, a heavier |u| =
600 GeV has been considered. As discussed above, to
illustrate the variation in the gaugino components of 7! for
very similar particle spectra, the sign of u and the sign of
M have been varied. For BP-1a and 2a, with 4 = 300 GeV
and y = =300 GeV, respectively, M, is setto —5 TeV. For
BP-3a and 4a, with y =300 GeV and u = —300 GeV,
respectively, M, is set to 5 TeV. For all these benchmark
scenarios, we fix M, =4 TeV. For BP-5a and 6a, with
u =300 GeV and M, =5 TeV, while M; assumes
—4 TeV and 4 TeV, respectively. BP-1b to BP-6b resembles
BP-1a to BP-6a, respectively, only with || = 600 GeV.
Note that for BP-1 to BP-4 (a and b), |M | > M,, while for
BP-5 and BP-6 (a and b) |M| < M,. For all these bench-
mark scenarios tan = 10, the masses of the Higgs bosons
and the third-generation squarks, which are also relevant
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TABLE II. The benchmark scenarios with a Higgsino-like ;”((1) have been tabulated for || = 600 GeV. HF stands
for Higgsino fraction. The fixed input parameters are: the mass of the pseudoscalar Higgs boson m, = 1.414 TeV,
and tan / = 10. The gluino mass parameter M3 = 3 TeV. The trilinear coupling for two stops with the Higgs boson
is set as T, = —3 TeV. The soft-supersymmetry-breaking mass parameters for the left-type and the right-type stop
and sbottom squarks are mgy, = 2.69 TeV, m;, = 2.06 TeV, and mj; = 2.50 TeV. As for the physical masses, the

charged Higgs boson mass M+ = 1.416 TeV, the CP-even Higgs mixing angle a = sin~!(—0.1). For all the
benchmarks, the third-generation squark mass and mixing parameters are taken as the lightest stop mass
m; = 2.05 TeV, the heaviest stop mass my, = 2.71 TeV, the lightest sbottom mass m;, = 2.50 TeV, the heaviest

sbottom mass m; = 2.69 TeV.

Parameters BP1b BP2b BP3b BP4b BP5b BP6b
u (GeV) 600 —600 600 —600 600 600
M, (GeV) —5000 —-5000 5000 5000 —4000 4000
M, (GeV) 4000 4000 4000 4000 5000 5000
M (GeV) 599.06 599.37 598.61 599.07 599.36 598.79
msy (GeV) —600.39 —600.59 —600.7 —601.04 —600.24 —600.62
My (GeV) 4000 4000 4000 4000 —4000 4000
m (GeV) —5000 —-5000 —5000 5000 5000 5000
My (GeV) 599.43 600.08 599.43 600.08 599.58 599.58
M (GeV) 4000 4000 4000 4000 5000 5000
my, (GeV) 122.94 122.68 122.75 122.51 122.83 122.65
my, (GeV) 1347 1506 1390 1465 1423 1450
HF 0.9997 0.9998 0.9996 0.9997 0.9997 0.9997
Ny (x1073) 5.956 —4.872 -7.575 —6.196 —7.252 -9.804
Ni5(x1072) 1.827 —1.495 1.827 1.494 —-1.412 1.412
Nis -0.707 —0.707 —0.708 0.708 0.707 —0.708
Nia 0.707 —0.707 0.706 0.706 —0.707 0.706

for the present study, have been kept fixed. Further,
constraints from LHC on such compressed spectra have
been taken into account.

For all the benchmark scenarios, )?(1) corresponds to a
mass eigenstate with positive eigenvalue. In the bench-
mark scenarios with a negative u parameter, i.e. BP-2a,
BP-2b, BP-4a, and BP-4b, 7! is the symmetric Higgsino-
like state. For all other benchmarks (with positive pu
parameter) ;”((1’ is the antisymmetric Higgsino-like state.
Note that, irrespective of the sign of M, the gaugino
components in 79 are reduced substantially for negative u
(where 7" is the symmetric state) as compared to positive y
(where 7V is the symmetric state). This is evident from
comparing the wino and the bino components (N{,, Ny,
respectively) of ;?(1) in BP-1a(b) and BP-2a(b), respectively.
In particular, the wino component is reduced by approx-
imately 50% and 25% for benchmarks BP-1a(b) and BP-
2a(b), respectively. The bino content, which contributes
subdominantly, follows a similar trend, although by a
smaller margin. As the tree-level 79 — 79 — h; vertices are
directly proportional to the gaugino fraction, the change in
sign of the Higgsino mass parameter u leads to a
significant change in the tree-level spin-independent direct
detection cross section.

C. Numerical results and discussion

In this section, we discuss the numerical results. The
radiative corrections to the 7 — 70 — h; vertices for the
benchmark scenarios, as described in Tables I and II, have
been computed and have been presented in Table III. In
Table 1II, the one-loop corrected 7 — 79 — h; vertices

(CZ-L/ R) for the respective benchmark scenarios (as men-
tioned in the first column) have been presented in the
second column. In the third and the fourth column the
percentage contribution from the radiative corrections to
the 7-proton spin-independent scattering cross sections
L/R _ CHR_cHE . .
ACT = ——rr = % 100% have been described for i = 1

itree
and i = 2, respectively. Note that in the present scenario,
the results are similar for y’-neutron spin-independent
scattering cross sections. For estimating the radiative
corrections, contributions from the loops involving all
the neutralinos and charginos, gauge bosons, Higgs bosons,
and third-generation (s)quarks have been considered.
Individual contributions from all the loops, counterterms,
and also the third-generation (s)quarks to the respective
vertices have been mentioned. Finally, the radiatively
corrected )??—nucleon cross section and the percentage
contribution to the same Acg = BBl x 100% are

OSltree
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TABLE III. AC,L/ K (%) denotes the percentage correction to the ;?(1) - ;?(1) — h; vertices C,»L/ K og; denotes spin-
independent cross section (with proton) including the radiative corrections and Aog; (%) denotes the percentage
contribution to the same from the radiative corrections under consideration. In the third and the fourth column title,
“Total” refers to total percentage correction to C,-L/ R «CT” refers to the percentage contribution from the counterterm
vertex, “Loop” denotes the percentage contribution from the one-loop diagrams, and “SQ” denotes the percentage
contribution from the third-generation quarks and squarks running in the loops.

ACHR (%) ACER (%)
Total (SQ) Total (SQ) g1 [pb]
BP CL/R LR (Loop, CT) (Loop, CT) (Aog %)
BP1 7.96 x 1073 19.74(=22.35) ~13.96(-2.9) 4.13 x 10711
a 4.68 x 1073 (2.74, 17.0) (—-17.63,3.67) (41.7)
BPIb 8.64 x 1073 15.50(—26.62) —14.29(-1.02) 4.89 x 1011
5.24 x 1073 (—-1.52,17.03) (—18.0,3.74) (31.5)
BP2a 6.12 x 1073 37.88(—29.52) ~19.87(=9.05) 2.29 x 10711
436 x 1073 (20.89, 16.99) (—23.53,3.66) (96)
BPIb 6.63 x 1073 32.7(=35.78) —21.22(-8.18) 2.71 x 10711
—4.82 %1073 (15.73, 16.97) (—25,3.78) (81)
B8P3 1.13 x 1072 11.07(~18.05) —6.98(—1.39) 8.46 x 101
a 7.77 x 1073 (=7.1,18.2) (—11.83,4.89) (22.4)
BP3b 1.21 x 1072 9.14(-21.22) —7.63(—=0.26) 9.67 x 1011
8.37 x 1073 (—9.13,18.27) (—12.66,5.03) (18.25)
BP4a 8.25 x 1073 21.11(-24.33) —12.36(—6.99) 4.13x 1071
—7.33 x 1073 (2.81, 18.3) (—17.31,4.95) (49.75)
BPdb 8.82 x 1073 19.21(~28.89) —13.74(=6.57) 4.77 x 1011
—7.83 x 1073 (0.87, 18.34) (—18.83,5.09) (45)
BPS 6.24 x 1073 38.95(=25.5) ~16.6(-2.68) 2.53 x 1011
a 3.06 x 1073 (22.47, 16.48) (—20.35,3.75) (89.6)
BPSH 6.74 x 1073 32.88(—31.58) —15.77(=0.26) 2.97 x 1011
3.49 x 1073 (16.27, 16.61) (—19.72,3.95) (73.8)
BP6 1.05 x 1072 17.0(=17.81) ~5.32(-0.65) 7.26 x 10711
a 6.94 x 1073 (—1.42,18.42) (—10.42,5.10) (35.8)
— 1.11 x 1072 15.41(=21.43) —5.44(=0.74) 8.13 x 1011
743 x 1073 (—3.20,18.61) (—10.8,5.36) (32.2)

presented in the fifth column. In the above discussion, the
subscript “tree” denotes the respective quantities without
including the radiative corrections considered in this article.
As discussed in the previous section, we have used FeynAurts,
FormCalc, and LoopTools for the numerical evaluation of the
radiative contributions and the relevant counterterms.

As described in Tables I and II, for all the benchmark
scenarios )?(1) is dominantly Higgsino-like. The Higgsino
fraction (HF = |N 5| + |N4|?) is above 99%. The radia-

tive corrections to the 70 — 79 — hy vertex C-/* contributes
dominantly to the spin-independent cross section og;. The
contribution to the spin-independent cross section og; from
the heavy Higgs boson #, is only about <3% for all the
benchmark scenarios. This is because m,, > m,, (about
ten times) in the present context. Therefore, its contribution

to the 79- nucleon coupling l{f (x m%) is suppressed, as can
hy

be inferred from Eq. (22). Thus, for all the benchmark
scenarios, the percentage corrections to the cross section
og; are approximately twice that of the percentage correc-
tions to the 79 — 70 — h; vertex factor C-/*,

The radiative corrections to ¥ — 7 — h, /h, vertices are
significant for all the benchmark scenarios and vary
between approximately 9%-40% for the light Higgs boson
vertex and between approximately 5%-21% for the vertex
involving the heavy Higgs boson. Comparing the first eight
benchmarks (BP-1a to BP-4b), the percentage change in the
7 =7 — hy vertices are significant for the benchmarks
with negative u (BP-2a, BP-2b and BP-4a, BP-4b), as
compared to their counterparts with positive y (BP-1a,
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BP-1b and BP-3a, BP-3b). Let us consider BP-1a(b) and
BP-2a(b). While BP-1a(b) and BP-2a(b) only differ by the
sign of u, thus, the percentage contribution to Cf/ R from the
radiative correction for BP-2a(b) is significantly higher as
compared to BP-la(b). This is largely because of a
substantial reduction in the tree-level vertex factor for
BP-2a and BP-2b, while the radiative corrections are also
marginally higher. Note that, for positive (negative) u, 7V is
the symmetric (antisymmetric) Higgsino-like state. A
similar argument explains the larger percentage corrections
in the context of BP-4a(b), as compared to BP-3a(b). It
follows from Eq. (14), that for the symmetric states, the
respective tree-level vertex suffers from cancellation
between two terms proportional to N3 and N4, respec-
tively. In all the benchmark scenarios, the dominant loop

contributions to Cll“/ ® come from the triangle loops involving
two vector bosons and one neutralino/chargino. Further, the
third-generation (s)quarks contribute significantly thanks to
the large Yukawa couplings. The contributions from the
loops involving, in particular, two quarks and one squark
tend to negate the contributions from the loops involving the
vector bosons and one neutralino/ chargino. In BP-5a(b) and
BP-6a(b), the difference in the percentage contribution to

Cf/ Ris largely attributed to the cancellation from the (s)
quark loop. Further, contributions from the vertex counter-
terms are substantial. In particular, we find sizable contri-
butions from the terms proportional to the diagonal and
off-diagonal wave-function renormalization counterterms.

The vertex counterterms are evaluated following the
implementation in FormCale [107]. The details have been
discussed in Appendix C. On shell renormalization
schemes have been adopted for the neutralino-chargino
sector [73]. In particular, for BP1a to BP-4b, two chargino
masses and the heaviest neutralino mass (CCNJ[4]) have
been used as on shell input masses. For BP-5a, BP-5b,
BP-6a, and BP-6b, two chargino masses and the third
neutralino mass (CCN[3]) have been used as on shell input
masses. This ensures that there is always a binolike
neutralino among the input masses [74,111]. The respective
contributions from the counterterms have been shown in
Table III. Note that we have used tree-level masses for all
the neutralinos and charginos, including 79 for the east-
imation of the spin-independent scattering cross section.
This ensures that the percentage corrections to the cross
section reflects only the contributions from the vertex
corrections, which we intend to illustrate.

As the spin-independent cross section of 7 with the
nucleons (protons and neutrons) receive dominant contri-
butions from the light Higgs boson-mediated processes, the
percentage corrections to the cross sections about twice the
respective percentage corrections to the 7 — 79 — h; ver-
tex. These cross sections can be enhanced by up to about
100% for the benchmark scenarios. This highlights the
importance of these corrections in the present context.

Note that, as mentioned in Sec. I and elaborated further
in Sec. III, certain important loop corrections to the Higgs
bosons-nucleon interactions, which contribute to the effec-
tive neutralino-nucleon effective operators [see Eqs. (20)
and (21)], have been already included in micrOMEGAs. Thus,
the cross sections computed using the one-loop corrections
to 79 — 7% — hy/h, vertices also effectively include certain
two-loop contributions. These corrections are also included
in the cross sections with which we have compared the
final results after including the vertex corrections. Thus,
the percentage corrections to the cross sections, as men-
tioned in Sec. III, solely come from the corrections to the
7 =7 = hy/h, vertices.

Assuming that ) constitutes the entirety of DM, we have
further considered the implications of these large correc-
tions for the viability of sub-TeV Higgsino-like DM in light
of stringent limits from the direct detection experiments.
We consider the DM-nucleon (proton) cross section limits
from the LUX-ZEPLIN (LZ) experiment [37] and compare
the status of the benchmark scenarios after including the
radiative corrections as shown in Fig. 3(a). We find that,
thanks to the radiative corrections, benchmark point BP-1a
is pushed above the lower limit of the 1o sensitivity band
(dotted line), and BP-1b is pushed close to the 1o band.
Benchmark points BP-2a and BP-2b are pushed close to the
lo band while lying below it. The benchmark BP-3a falls
on the exclusion line (solid line) and is close to being ruled
out after the corrections are added, and BP-3Db is also close
to the exclusion limit. As for benchmark BP4a, it is pushed
above the 1o lower band, and BP-4b is pushed close to it.
BP-5a and BP-5b are also pushed closer to the 1o band of
the exclusion region; finally, BP6a and BP6b benchmarks
are pushed above the 1o band and close to the exclusion
limit when the corrections are added. Although, to estimate
the overall impact on the scattering cross section all the
radiative corrections need to be considered together, the
above discussion aims to demonstrate the relative impor-
tance of the vertex corrections, in comparison with the same
cross section evaluated using the tree-level vertices C;."
To demonstrate the significance of the radiative corrections
on constraining the Higgsino mass parameter u in the

""Note that by changing the stop-stop-Higgs boson soft-
supersymmetry-breaking trilinear term 7, to —4 TeV, the light
Higgs mass my,, as computed by SPheno, becomes about
125 GeV. We have checked that using m;, =~ 125 GeV, with
the above modifications to the stop sector parameters, does not
affect the vertex corrections and the percentage corrections to
the direct detection cross section appreciably. For most of the
benchmark scenarios, which assume m;, ~ 123 GeV, using the
parameters as mentioned above lead to variations in the percent-
age correction to the neutralino-proton cross section (Aog;) by
less than ~3%. Further, note that while using m,, ~125 GeV,
keeping all the other parameters as the benchmark scenarios, does
not change in the vertex corrections appreciably, and thus, the
percentage change in the spin-independent cross sections (Aog;)
are also well below a percent.
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FIG. 3. Panel (a) shows the comparison of the shift of various benchmark points (Table III) before and after adding the vertex

corrections (CZ.L/ ) with the direct detection bound of LUX-ZEPLIN (LZ) experiment [37]. The circled points depict the corrected cross
sections (og;) and the uncircled ones are without the corrections (os; ). Panel (b) shows the shift in the u parameter for different values

of M as constrained by LZ (2022) [37] after adding the vertex corrections (Cl-L/ R). The change in the constraint on the x parameter (for
1 << My,M,) corresponding to the cross section after adding the vertex corrections C,-L/ R is shown by the solid line, the dashed line

L/R

represents the case without the corrections (Cj ..

mentioned in Table I.

present context, we further vary the u parameter keeping all
the other relevant parameters the same as BP-3a(or b). The
cross sections with the radiatively corrected 70 — 79 —

h,/h, vertices (CiL/ R) and the respective tree-level vertices
(CL/ R) have been used to obtain the dashed red line and the

itree
dot-dashed orange line respectively in Fig. 3(a). As
demonstrated in the figure, the dashed red line intersects
the 90% confidence limit from the LZ experiment [37] for a

heavier M, as compared to the dot-dashed orange line. As
,M,), there-

fore, the constraint on the y parameter is improved. This is
further illustrated in Fig. 3(b) with positive M, and
u(u < My, M,). In this figure, the constraint on y param-
eter is shown to vary with respect to M. We have assumed,
as in the benchmark scenarios, tanf = 10, M, = 4 TeV
and M, = 1.414 TeV; the other parameters are also
kept the same as mentioned in Tables I and II. As shown
in Fig. 3(b), for M| =2 TeV, u <493 GeV (as shown by
the dashed line) is excluded by the direct detection experi-
ment LZ, when tree-level 7 — 79 — h, / h, vertices are used
to estimate the respective cross sections. While estimating
the cross-section using the radiatively corrected vertices

(C,.L/ R), the constraint shifts to y < 593 GeV (as shown by
the solid line), a shift of 100 GeV. Likewise, the bound on
u shifts from 230 to 291 GeV for M; = 5 TeV. Thus, the
constraint on the y parameter space (with uy < M, M,)

in the present context mz = |u| (as |u| < [M,

). Here, M, is taken as 4 TeV and the other parameters are assumed to be the same as

becomes more stringent by about 60-100 GeV, as
illustrated in this ﬁgure.11

V. CONCLUSION

Light Higgsino-like 79 fits well within the framework of
natural supersymmetry. In this article, we have considered
Higgsino-like 7! DM within R-parity conserving MSSM
and have studied the importance of a class of radiative
corrections to the 7 — 7 — hy/h, vertices in the context of
spin-independent direct detection. The tree-level couplings
between 79 and the CP-even neutral Higgs bosons (A, h,),
in such a scenario, are suppressed by small gaugino-
Higgsino mixing. However, as demonstrated in this article,
the radiative contributions to these vertices (including the
respective counterterms) from the loops involving the
charginos, neutralinos, gauge bosons, and Higgs bosons
can have significant implications for direct detection.
Further, third-generation (s)quark contributions are signifi-
cant and tend to cancel the former to some extent in the
parameter region considered in this article. For the bench-
mark scenarios presented, the radiatively corrected vertices
can be enhanced by about 40% compared to the respective

"'"The cases for other combinations of signs of M and y are not
shown as their cross sections lie below the LZ bounds in the
parameter space of our interest.
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tree-level vertices. The spin-independent cross section of 7!
with the nucleons (protons and neutrons), which receives a
significant contribution from the CP-even neutral Higgs
boson mediated processes through the respective effective
operators, thus, can be enhanced by about 100% in certain
benchmark scenarios. We further illustrate that the correc-
tions are sensitive to the sign of u and the choice of the
gaugino mass parameters M; and M,, even though
|u| < |M,|,M,. Note that, the “tree-level” cross section
in such scenarios is quite sensitive to the small gaugino
admixture in the )?(1). Thus, generally, the constraint on the
mass of sub-TeV Higgsino-like ;“((1), after including these
corrections, is sensitive to the sign of ¢ and the choice of the
gaugino mass parameters M and M,. As mentioned in the
Introduction, in the sub-TeV mass region, the thermal relic
abundance of a Higgsino-like 79 LSP is inadequate to fulfill
the required relic abundance of DM (Qpy /2% = 0.12 [60]).
Thus, assuming only thermal production of 79 will lead to a
dilution of the direct detection constraints on 79, in pro-
portion to the relative abundance of ;“((1). However, consid-
ering the possibility of nonthermal production of )?(1) in the
early Universe, there is a possibility that 79 constitutes
the entire DM. In any scenario, the result demonstrates the
significance of the complete vertex corrections to the 7! —
7Y — hy/h, vertices in the spin-independent scattering cross
section of a Higgsino-like 7Y DM.
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APPENDIX A

In this appendix, we summarize the Passarino-Veltman
functions [112], which appear in the radiative corrections,
as described in Appendix B. We follow the convention of
Refs. [113,114]. The Passarino-Veltman C functions have
the following form:

<C1> B ( pi 1711’72>_1 ' (%Bo(p%,mo,mz) —1Bo((p
C, pip2  P3 IBo(pl.mo.m;) —1Bo((p;

mi m2

(p1 — po)?

FIG. 4. The above figure shows the mass and momentum
convention for the Passarino-Veltman functions.

C pl’ pl p27m07m17m2)

/ dx / y[x*pt + y2p3 + xy2p s

- X(Pl - ml + mo) - Y(P% - m% + m%)

+mj — ie] . (A1)
We have used the following abbreviation:

(27pi)

~\4-D
<>q ::T/qu

where ji denotes a parameter with dimension of mass.
Further,

(A2)

Cﬂ<p%ﬂ (pl - p2)29 p%’mOa mlva)

( )
(@ =m3)l(g+p1)* =mill(q + p2)* —m3]/,

= p1,Ci + p2,Cs. (A3)
Contraction with pf, then, gives
PiCi+p1p:Cy
_ <%[(q+p1)2—m2] —l(qz—mé)—l(P%—m%+m%)>
(@ =mp)l(g+p1)?—mill(g+p2)*-m3]  /,

1 1
==Bo(p3.mg.m;) _EBO((pl —p2).my,my)

2
—5(pi—mi+m§)Co,

where the momenta and masses are as shown in Fig. 4.
Further,

- Pz)z,mbmz)

- p2)27 my, m2)

_%f1C0>
—1Co /)’
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where f; = p? —m? +m3, for i€{1,2}. In the expres-
sions above, B is given by

Bo(Ph my, ml)
2

_ A_/l dxlog[xzp% —x(p7 —mi + m3) + m} —ie
0

ﬂ2

+O(D -4), (AS5)
where A := ;= d £+ log 4z, yg is the Euler-Mascheroni
constant and d tands for space-time dimension.

APPENDIX B

In this appendix, we discuss the radiative corrections to
the 79— 7% —h; vertices originating from the triangle
diagrams. In particular, generic expressions for contribu-
tions from scalar bosons, vector bosons, and fermions
running in the loops have been provided. In the following
discussion, F and F’ denote fermions, S and S’ are used for
scalar bosons, and V denotes vector bosons. Further, ¢>
denotes the square of the momentum transferred from the
incident )"((1) to the quarks in the nucleons, and d stands for
space-time dimension. Here, G and G™ refer to the neutral
and charged Goldstone bosons, respectively. We have
evaluated the expressions using Package-X (version
2.1.1) [113], and have also checked some of these expres-
sions by explicit calculations. Feynman gauge has been
used for the calculation. The vertices may be found
in Ref. [65].

1. Topology-(1a)

The respective Feynman diagram is shown in Fig. 5(a).

ior@) = [PL {fLLmFCO

—‘fRLm;;l;Cl

5LRm;7?C1 —fRLm;(?C2}

- fLngg’Cz}L (B1)

16 1672
+ Pr{érrmpCy

FIG. 5.

where C; = C;(m o,q mZOamF’mS’ m), and

_ L L _ I R
b= AhfSS/gZ?FS'gZ?FS R _AhiSS’g;??Fs'g;??Fs’ (B2)
Ere = Anss g){;]]FS’g;é(l’FS’ SRR = An,ss' gj;]] Fs/g)’;? rs (B3)
(1) hy=hy/hy, F=7%% and S = §' = h,.

SLL = Ann, h,goohlg

aoh
SLR = Anpn h'gxox?hlgx?xﬁ (B4)
SrL = hhhlgoohl B Ohl’
éR h h hlg 50> Ohlg)(o)((} (BS)

where /1;[ hih; :—392MZBh ’ with Bh - {Z:z?:: Z Z;

gL B 2( //*s + S//* ) hi — hl
oh ( //*C + S”* ) h; = h, ’

o 0(Qs0+ Sluca): by =h
ki 92 (=Qcu + SU55); hi=hy'

(2) hi :hl/hz,F:)?g,andS:hl,S/:hzors:]’lz,

S/ = hl'
"SL h h hzg)(o)(ghzg)(?)(ohl
gL hhlhzg)( thg)(])(ohl (B6)
R R
é:R /?'h h hzg)?o){ohz P
L*
§R /Ih h th)(oj(th )( Ohl (B7)
where y) =uMz ¢ with C, =
hihihy 2cy ~hi h;

—=28208p+atCpraCoas hi=h
2524CpratSpraCaas hi=hy'

Topology 1(a) and 1(b).
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(3) hi = hl/l’lz, F:)?g, and S = S/ = hz.

é:LL h ihahy g)( h2 g){]){
— L+

gLR - hih2h2 g){ g)(?)(ohz
R*

5 /Ihhzhzgo th )( hz’

SRR = lhihzhzg P70 )()(?hz

@) hy=h/h, F=7% and S=5 =A

&)

(6)

éLL - )’h AAg OZOAgXOXOA,

Lx
§LR - hAAg"O){OAg ])(OA’

éRL - lh AAg~0X0Ag 05 "A’

Err = A AAg~o oAg 004"

where /1h AA—— 92 ZC2/}Dh with Dh = {
glio S04 (Qf]sﬂ élcﬂ), and g~o 0 (_

T A A
Slllfcf)’)

S =

‘fLL - /Ih AGg~oxoGg 05 OA’

§LR = j’h,AGgZ(I) AG g () OA’

R+
gRL - hAGg~0 Ong? 0A7

L x
é:RR - hAGg'O;(OGg;( XOA’

M L
where A, 46 =—%%5,3D L
hAG 2ey 526D, g;(?x‘;G
kS

Jisy), and g~o NG

=ig (-
= igx(Qfpcp + S1ysp)-

hi:hl/hZ’F )(f,andS:S/:G

S = A, GGg~0 e

0 OG’
§LR - /1h GGg~o o o OG’
=1 R o GR
Ere = 6969 g:

L x
éRR - h GGg~0 Ong-;O 0G9

where )’hiGG = gzMz CZﬁD/ ,
{ —Sptas hz = hl
Cpras  hi=hy’

with

hi=hi/hy, F=7% and S=A, S =G or S=G,
!
A

(7) hiy =hy/hy, F=jx%,and S =S = H*

Ser = it gl:"”iHi g{QO*‘iHi’

(BS) §LR - /1h HiHig~o iHig)?(l)IiHi’ (B16)
gRL - Ahi[-]i[-]ig~0 iHig~0 iHiv
éRR = AhiHiHi g)??)?;Hi g)?(l))?;[.]i’ (B17)
(B9) where, 1), yp+ = —ghAy,, With
Ah . { MWSﬂ —a +2 Czﬂsﬁ-l,-av h,’ =h
i M
MWCﬂ—a - ZCW 52ﬂ6ﬁ+a’ hi =H
L _ L R _ R
(B10) e = 92010 A0 Gy = 0201
8) h; = hi/hz/’ F :i;?}f? and S=H*, §'=G* or
S=G, 8 =H
(Bll) §LL - Ah HiGig~o iGig%) iHiv
§LR - lh HiGigm iGig~0 tha (BIS)
Spras hi=h;
‘/HQUNh hj_ ErL = ﬁh HiGig~0 iGig OyEHE?
1£5p
§RR - ﬂh HiGig~0 7EGE Lo* FEHE (B19)
where 4, yge = — gzzgw Aj, ., with
S2pSpta . -
A 3 cﬂ—(l’ hl hl
h; $26Cp1a . _ ’
(B12) —dt gy o b=y
;(l))?/i)ci = _QZIﬂQQIk’ and g){:?)?/i)ci = ?; Q
i — I 25 = , al - - .
(B13) ) hy=h/hy, F=j7% and S = §' = G*
, §LL - /1]1 GiGig~0 iGig~0 iGiv
*C _
1%h §LR - )«h Gicig~o iGig"O iGi’ (BZO)
§RL - )*h GiGig~o iGig~0 7EGE
fRR - )“h GiGig~o iGig~0 iGi’ (BZI)
(B14) where )“h,GiGi = _gégvz CzﬁD;'li‘
(10) hi = hl/hZ’ F= qi» S= 4 S = gy
R*
(B15) 923 /Ih'qtqs a4, Paia’
_ L *
Sir = lhi‘?f’hgx.q a g}(.q,q, (B22)
D, = R GR
hi Ere = "M&gxlq a, gxlq a’
Err = Ang,, g)f?q ids zlq,q, (B23)
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where A, ; 5 = C|h;. q,, q,] are defined as

C[hlv Uy, ﬁs] =Ca [ﬁz’ ﬁs}ca - Cﬂ{ﬁ ]S + C [ﬁ i ] Sa+p
C[hl’ &t’ ax] = _CA[C?h 67s]soc + Cu[& d ] t+c [dt’ d ] Sa-+p>
C[th ﬁt, ﬁs] = Cy [ﬁt’ ﬁs}sa + Cﬂ wr’ ﬁs]ca - Cg[ﬁn us]caJrﬂ’
C[hZ’ &tv as] =Cx [&t’ d‘s}ca + Cu [&n d‘s}sa - Cg[gt’ as]ca+ﬂ’
with
~ o~ g * * * it * * * * *
CA[”t’“s]:Wzsﬂ{z[Wu W7+%s( uA” ) W;‘+%tW§ts(mu Au)ij]} mu;[U?kL UuL WM Wu +UMRUMR W?+31W7+%s]
~ 9 1 » » » p, " d; 7 1dy %y dr 7 1dr s
%[%%]Zm{z[wd W, 5, (mgA®),;+ W, W (mg Ad)ij]} m3, (Ut USE W WY+ UF Ui wi, w4 ],
~ ~ 9 u UR* Yx7iik YX7iL Up* yru % i
Cﬂ[uf’us]ZZMWsﬁmuk [luUlkLU ¢ W Wj+3s +/’l U . U; RW/+3tWis]’
~ 92 dp, 1 dg* yrrds R ¥
Cﬂ[df’d‘] :ZMWC/;md‘ [ﬂUszU ¢ Wd W;1+3s+ Usz U; RW;I-&-Sth]
- GMy ii% V7t 1 4
Cg[ut’us] = D) |:Wlut W;ds <1 _§I%V) +3Wl+3tW;A+3s :|

~ - GMy | o 1 20
cg[dt»ds]:_ 2 |:Wtdt Wlds<1+§t%v>+3wfi+3twtd+3s :|

In the present context, only the third-generation quarks and squarks have been included, and no flavor mixing in the
squark sector has been assumed. Further, the third-generation squarks are kept lighter than the first two generations. Thus, in
the subscripts only 7, s € {1, 2} are relevant; further i, j, k = 3. The same treatment follows for all the subsequent diagrams,
including the third-generation (s)quark loops.

2. Topology-(1b)
The respective Feynman diagram is shown in Fig. 5(b).

isT(*) = 16 —— [PA{CreBo + {roampmpCo + {1 pm; OmF’(CO +Cy) + SLremsCo
+ CLRLm;{?(ZCo +3C; +3C;) = {1req*(Co + Cp + Cy) - é’LRL(zm)%((]) - q°).
(Co+Ci+Cy) + CrrrmpmpCy + CRLLm;?(]’mF(CO +C,)
+ CRLRm)%((l)(CO + Ci + Cy) + Crrrmpmp Ca }t
+ Pr{CrerBo + CrirmpmpCy + Z.:LRLm;(I)(CO +C +C) + §LRRm;;?mF(C0
+ Cy) + LrermpmpCy + CrpmsCo + CRLRm?(t]J(2C0 +3C; +3Cy) = Crird’

(Co+C +Cy) - gRLR(zm;? -¢*)(Co+C +Cy) + CRRLm;;?mF’(Co + Cy) + Crrrmpmp Co}],  (B24)

where By = By(¢*;mp,mp), C;= C,»(m?(o, q°, m?{o; CLrL = g“OF’ Grrn g{JUFS’
1 1
mg, mg, mp) and CLrR = g~0F/ gFF/h fngS, (B26)
CLLL g-OF, gFF’ ngS, gRLL g-OF/ gFF/ ngS’
CLLR g%}pl gFF’ g”OFS’ (BZS) CRLR ng/ gFF’ g”OFS’ (B27)
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CRRL

CRRR

G s, I
N

~0FS7

(1) hy=h/hy, S=hy/hy, F =} F'

gLLL

gLLR

§LRL

CLRR

Z.:RLL

CRLR

CRRL

CRRR

where

gLO Oh

XXl

and

gR Oh

){f)./n i

— gL L R*
~0)~(0h' ).7f)?nh X Oh ’
L
g;(l;r g;((};(ﬁh gxlxoh ’
g =0 = 0

11)( 0h; ° 7oh;

g Oh X?}(Oh ’

xlxoh o

GR . GL R
;mrnh P 1oh?
;mrnh g){,«){%’h xﬁ’x‘}hl’
gR 'R Rx
P 007 h:
'R R IS

T T R T A

{gz(Q”*S + Spnca

/1% /1%
_92( fnca

{ gZ(Q/n/fsa + SZKC

() hi=hy/hy, S=A, F=3% F =

CLLL

CLLR

gLRL

é,LRR

CRLL =

CRLR =

CRRL

Z.:IRRR

L
where -
g){?ﬂ((n’A

g 0 0 0 R* 0 k]
xmh A0A

g ~0~0 0 L* 0 k]
T A ;(/;(nh oA
g O O R* =0 A9
w(nh oA

L*
g 507 OAg)(()(nh X OAs

gR L R*
TOAT 0 A
GR L L

TAT 0 A

:g~o goghg00A7

M

g Lx
0 0 ){f}(gh 0 0A7

UES

1%
l( nlsﬁ_ nlcﬁ

i(_Q/l/nsﬂ + Sll/ncﬂ)‘

);

¢nSa

)

);

)3

_QZ(QZfCa - SZfsa);

n-

=Tn-

(B28)
(B29)
(B30)
(B31)
(B32)
h; = hy
hi=hy’
hi = hy
hi=hy
(B33)
(B34)
(B35)
(B36)
and R, =

X1Xn
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(3) h —I’ll/hz,S G F )?(I;, F/_~0.

CLLL

Z.:LLR

gLRL

gLRR =

gRLL =

CRLR =

Z.:RRL

gRRR =

—gL L R
G T NG’
— gL " L
PG T G’
g R*
WG ;(f;(‘n’h e
g~0 Q’M{gh QJMOG,

GR L R
PG 07 106

R OL L
G

PG 07 170G

:g gx‘}xfﬁ )(IJ(OG’
g3 bavs g){% )(?)(OG

(4) hi:h]/hz,S:Hi,F:)?:;, F/ )?ni

é’LLL

CLLR

Z.:LRL

CLRR =

éRLL

é’RLR =

Z:RRL =

CRRR

:g iHig g

T T Ay HE
= g iHig)(fX" h; )?OXtHiy
= g iHig){;X g iHi9

g iHig f}(n gOiHiv
:go iHing}(” h; ~0 iHi9
g 505 iHigXN(” h; )?OXiHi9

g )(iHig)(;)(fhg iHi7

= gf())(thg L, g 0 iHi-

T

(5) h —h]/hz,S G:t F ){K,F/_~:t

Z.:LLL

Z.:LLR =

CLRL

gLRR

CRLL

gRLR -

CRRL

CRRR =

g gL R
OiGi )(,,f)(fh X]XiGiy

gL L Lx
)?(llj,fGi )(f)(fh ~u iGi’

gOiGigiihg

i TG

g O iGigxfj(,fh g)( )(iGi’

R*

— L
- g iGig VErER, )?(I)XiGi7

T:7

g gL L+
iGi X;}(}h ~0 iGi7

= g iGig i Fih, g~0 iGiv

)(|)(

g 0 iGig i ih g~0 iGi

(B37)

(B38)

(B39)

(B40)

(B41)

(B42)

(B43)

(B44)

(B45)

(B46)

(B47)

(B48)
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(6) hi :hl/,’lz, F:F/:qi, S:q‘

S =65 . GE R

Haia,~ 4i9:hi7Pq:q,°

— L L

CLir = gio Yy ,g;( o (B49)

R *

CLrL = g 24 gq,q,h,gxlq 0
_aL R oL+

CLrr = g;z?q,-q‘ Gouan Iivga, (B50)
— L R

CriL = g)?o Y ,gm .
_ L

CRLR = g)?o Yy ,g;( R (B51)
— R R

CRRL = g)?o Goan lg)?oq_;]s,

Crrr = 3.0 9.0 Tiaa, (B52)

R L qL
where gq gihi gq,q,h, 922MW qiqihi> g){ 4.4 =Gig

andgxqu =GR, qg=u,d;i=3;5s=1,2; with

i‘j; h; = h Zey hy=hy
Xuvwh- = Sfx . _ s Xd-dvh~ = Ca/j.
i4ilti =< hl — h2 @il - hl — hz

Sp Cp

3. Topology-(2a)

The respective Feynman diagram is shown in Fig. 6(a).

1 _
G = _\/_92< N, + gtanQWNﬁ)W;’jU?f

9

- m, N7y W“* Uk,
\/EMWsinﬂ AR

242
G?\RI = \3/_ gz tan ale 1 W?i:; UuR
92

T V2My sin
1
lSl \/—gz< NTZ 6tanewN )Wd*UdL

9%
\/EMWcosﬁ

mu‘NMW UJI .

x yydx 77dR
ma N WisUjt,s

2
G = — %92 tan Oy N, Wi, U

isl

9

-2 g, NaWEU,
\/EMWcosﬂ it 13 s i

For third-generation quarks and squarks: i, j =3
and se{1,2}.

ISF(C) [PL{ALLLm OmF/(2 d)CQ + ALRLm UmF(2 d)(CQ + CZ) + ALRRm o(d 4)(C0 + C1 + C2>

162

+ Ager{dBo + (4m% + miyd — 2¢°)Cy + (4m3y + m%d — 2¢°)(Cy + Cy)}
1 1 1

+ ARLRm;??mF(z —d)Cy + AggrmpmpdCy + ARRRm;??mF’(Z —d)(Cy+Cy)}

+ Pr{Aremypmp(Co + Cy) + AppgmpmpdCo + Apgmpmp(2 — d)C,
+ Arrr{dBg + (4m~0 +mid —2¢*)Cy + (4m~0 + m d 2¢%)(C, + Cy)}

+ ARLLm (d 4)(Cy + C, + Cy) + Agprm; ”mF(z d)(Co + Cy) + Aggrim; OmF’(2 d)C,}], (B53)
~0 ~0 ~0 ~0
X1 X1 X1 X1

v
F F’
th/H

(a)

FIG. 6. Topology 2(a) and 2(b).
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B, = BO(qz’mF’mF’)’

my, mpg, mp/) and

where

_ 2 2 2.
Ci - Ci<m~0? q , Mo
X1 X1

ALLL == géOF/ gFF/h g~0FV’
ALLR g OF/ gFF/h,-g)??FV’ (B54)
_ L R L
ALRL - gjOF' gFFI g,,OFV,
Argr = gf?‘?pl GR ngV, (B55)
__ @R L L
Aprr = ng, %FF,hE%OFV,
Arir = g'OF’ G g'OFV’ (B56)
Agrr = ng, GG I
Agrr = ng, GR ngV (B57)
() b=/l F =7 F' = 7.V = Z.
_ (L L L
Avwr = g)?";r x%h AL
L
ALLR - g 0 0 )(g)(nh )?OZOZ’ (B58)
_ (L R L+
Avre _gfm VA S I VA
_ L R L
Aurr = =G, Gynpon Gz (B59)
ARLL = g 7 g}(g}(oh g){ OZ’
ARLR = _g)?o 50 g)((f)lgh g){?)(UZ’ (B60)
— CR R L+
Arrr = g)?“;(“Z DTN
_ R R L
ARRR - g ){0/)(‘"]}! ){JZOZ’ (B61)
where Q~0 0y =2 2~ N7, and g~0 0y = 2 ~NE,.
) h,—hl/hz,F )(f,F’—)(n,V Wi.
ALLL = g 0 iwig)%)ﬁh )(O* +ppEo
ALLR = g 7 iwig)l{‘;)ﬁh )(* Ly (B62)
ALRL g 0z iwigxbﬁ g iwi’
ALrr = Gy Fyeren, j*iwi, (B63)
ARLL = g iwig it g ()Xiwiy
ARLR = gRo iwig){?ﬁh gL[;k iwi7 (B64)

ARRL gﬂiwigi ihg()iwiv
ARRR g U)(iwi g){f}(fh g oxiwiy (B65)
L _ L R _ R
where g;zgﬁwi = ¢,C;, and g;zgﬁwi = 9,C3,.

4. Topology-(2b)

The respective Feynman diagram is shown in Fig. 6(b).

l(SF(d) [PL{nLLm O(d 2)C

16 167
+ nrempdCo + nrrmgp(d —2)Cy }

+ Pr{nnLimy(d —2)Cy + nigmpdCy

+ nrrmp(d = 2)Co}]. (B66)
where C; = C,»(m?{o, q°, m)?{o; mpg, my, my) and
1 1
ML = gVVhigéang PEY?
NMLr = gVVh 9% Fvg{?o FV° (B67)
MR = gVVh,ngVg)?o Fv?
nrr = Yy, gmﬂ/g PFV” (B68)
(1) hy=h/hy, F=3%V =Z.
ner = Yzzn, g)fo)( QZ 002>
NLr = _gZZh,gXOZ g)??i?gz’ (B69)
nrL = Yzzn, gxo)(ozg)?oloz,
NRR = _gZZh,gIoZ g Az (B70)
where gZZh’_ = gZMZg”DYhﬂ with th_ =
sf—;; hi = hy
Cf—;; hi=hy’
() hi=hy/hy, F=}7,V =W=
N = gwiwih g~o 1W1g~o iWiv
NLR = gwiwih g~o iwig-() iwiv (B71)
HRL = gwiwih g~o iWi Ro* iwiv
NRR = gWiWih,-g}?(l);{?Wi ;;iwi’ (B72)
Whel‘e gwtwihl — gzMW‘gMDY;l‘, W]th Y/hl —
{S/s—a2 hi = hy
Cpoas hi=hy’
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FIG. 7. Topology 3(a) and 3(b).
5. Topology-(3a)
The respective Feynman diagram is shown in Fig. 7(a).

isT() = 16 — [Priwim; omp(Cy — Co) + WLRm~ (Ci +2Cy) + ye{—dCy

- m)?tl)(czz +2Cj, + Cy +2C)) + ¢°Cpp + (2¢* - 3m)??)C2}
+ yrrmpmp(Cy +2Co)} + Pr{wrmpmp(Cy + 2Co)
+wrr{—dCqy — m%o(czz +2Cyy + Cy; +2C)) + ¢*Cia + (2¢° - 3’"%))(32}

+ WRLm (Cl +2C,) + yrrm; OmF(Cz - Co)}ls (B73)
|
2 — . .=
where C,=C;(m ~0,q mxo,mF,mS,mV) C; where G, 1 :g_zyz, with ¥/ :{i—a, . ZI—ZI'
C,i(m2.q* ,mi,;mF,mS,mV) and Sprar =102
X 21 Q) h;=hy/h,y, F = )(f,S G, V=2Z
Vi = gh;Svgﬁ?FVgWF‘g’ Vi = gh GZg~0 g OG’
YR = ghisvgé?lrvgﬂps’ (B74) YiR = ghing}?o Nz g 0 OG’ (B78)
lI/RL = ghlsvgg?FVg..oFs, ll/RL — gh ng~0 g (IXOGa
WRR = ghisvg){;?wg}?”. (B75) WrR = Gn, ng~o 0z gL ARG (B79)
where
(1) hj =hy/h,, F = )? S=AV="Z
G {z?wsﬂ a hi=h
h,GZ — ) :
Vi = ghAZg-o 0 g 0 "A’ ZZW Ch—a> hi = h2
= GnazGh Q . B76
VLR = Az 2R (B76) () hi=hi/hy, F=jF, S =H%, V=W~
YRL = gh AZg‘”;(OZg;(“;(OA’ Vi = gh.Hiwig~o iwig~0 iHia
YRR = gh AZg~0 7 g 0704 (B77) YIR = gh Hiwig~o 7w Lo* 7 H (BSO)
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R*
YRL = gh HiWirG~0 iwi iHi7 YR = gh GiWig 0 iWig 0 iGi’
YRR = gh Hiwig~0 iwig~0 EHE (Bgl) WRR = gh GiWiQ(, iWiQ(, EGE? (B83)
where G, yeys =2 Y] .
! h
@) hy=hy/hy, F = ;(f,s G, V = W, where
—% JP hi =h
YL = gh Giwigm iwig 07 G+ ghl-GiWi _ { 2 iﬁ a L hl .
-% f-as i — "2
VIR = gh GiWig%J iwig 07 GE? (BSZ) 2
|
6. Topology-(3b)
The respective Feynman diagram is shown in Fig. 7(b).
iST) = 16 —— [PL{E,.{dCy + m? 0(c22 +2Cyp + Cyy +2C, +3Cy) = ¢*(Crp +2C1)} + Epgmpmp(Co —
— Eppmpmp(Cy 4 2C) — HRRm (Cz +2C)} + PR{_:‘LL”L (C2 +2Cy) = Epgmpmp(Cy + 2C)
+ :‘RLm;?‘l’mF(CO -Cy) :‘RR{dCOO + m;(?(czz +2Cy, + Cy; +2C, +3C) — ¢*(Cy, +2Cy) 1, (B84)
|
where Ci=Ci(m ~0,q m)i"’mF’mV’mS) Cyj= Ere = Gn,629,; olocg;%o;oZ,
C“ % ) ) % 5 ) ) d
z](m)((l) q m)(? meg, ny mS) an :'RR E —thGzQZ%UﬁGQ;mZ. (B90)
B =%, sv9t, L
LL I’l N% 0 0 )
STV B) hy=hy/hy, F =%, S=H* V=W
ELR = gII;SVg)?(IJFSg)?OFva (BSS)
I gh Hiwig 07 iHig~0 W
= = Sy Tes e = GGl G (B91)
'—'LR — YnH*W* ~0 iHi ~o iWi’
Err = Y, svgm FSg“’ v (B86)
(1) hj=hy/hy, F=}, S=AV=2Z. Ere = G, Hiwig” iHig W
s E:RR = gh[HiWig)?(]))?;:Higm Lyt (B92)
‘—‘LL - gl’l AZg OJ(UAg)?()){OZ’
E = _gh Azg O)(OAg 705 OZ’ (B87) (4) hi — hl/hz, F = )(f> S = Gi V = Wt
L*
—'RL - gh Azg OJ(OAgj?O)(OZ’ ~—'LL — gh Giwig O iGi RO* iWi’
Err = ~Gnaz¥; OZOAg 7 (B88) Err =G, Giwig DG L(;;(twi, (B93)
() hi=h/hy, F=7° S=G, V=2
Err = 9n6z9, oInGgL 0z Ere =G, Giwig*o iGig~0 W
Err = —Un6zY; oxoGgLo v (B89) Erk = Gnc=w=0j 07 iGig OgE W (B94)
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In the above, we have used the following [65]:

1
Ch =NnVi _\/—ENmV/*cz’
1
CIz;k =N,Uy +EN;3U1<2,
L 1 * *
tn =5 (=NesNig + Nealoy),
Ifgn = _( Iz/;n)*’
1
Ow = EVkIUva
1
S = 2Vk2Uf1,

1
%= cp {N%VE +5Vi2(N?z + ZWN;I):|7
! Uip(Ngy + tywN )}
5 VeWNe ttwNa)|.

[Ny3(Ngy = twNgy) + Ng3(Nop = Ny )]

OR =s4 |:Nf3Uk1

"o
nt

D= N =

Sy == [Nwu(Npy = twNpy) + Nps(Nop — twN )]
APPENDIX C

The counterterm Lagrangian for the 79
action (Zcr) is given as follows:

— ¥\ — h; inter-

Lot D =5 hiJ)(6CRPR + 6CL P )Y

1

2

1 -
- Ehz;??(é%gPR +8C5PL)7Y
where 6¢°F = 5¢%* for i€ {1,2}.

In the above expression, CF is given by

2
P - (

~go (4 +Bl—) (C1)

Cw

where A; and B, are given by

Ay = =2(5,N 13 + ¢aNi14) ((6Zesw — Ssw)Niacyy

— Ny (Bswsw + 6Zcc¥)s%),
4

B, = Z((saNiB + ¢oNig) (swN11 — cwN12)
i=1

+ (swiNit = cwNi2)(saN 13 + ¢oN14))
(6Z1; +6Z;y) + 2((6Z} s, — 6Ziy¢0) N3
+ (6Z1cq + 6Z155,)N1a) (swN1 = cwN ). (C2)
In these expressions sy = sin Oy, cyw = cos by, where Oy

is the Weinberg angle, dsyw and dcy denote the respective
counterterms. Further, ¢, = cosa, s, = sina, where a is

the mixing angle in the CP-even Higgs boson sector, 6Z,
denotes the counterterm corresponding to the charge e.

We use the following abbreviations in this section. Re takes
the real part of loop integrals but does not affect the complex
couplings. For the notations, we have closely followed [107]
and [73]. The relevant counterterms have been listed below.

For the Higgs sector, the following counterterms are
relevant [107]:

5ZH1 = —ReZ/hz (0)|
= —Reg}, (0)

a=0,div’

0Zp, a=0.div’
1

5[/} - Et/}((iZHZ - 5ZH|)'

In the gauge boson sector, the relevant counterterms are
as follows [107]:

SM2 = Re=l(M2),
SM3, = Rexl, (M3,),
5Z,, = —Rex]T(0),

2
8Zy, = 7 RezyTZ(O)
1, (M7 M5,
08y = — =,
2s M; My,

1 [sy
5Ze - 5 (aazb, - 52},;,) .

The counterterms to the gaugino and Higgsino mass
parameters are determined from the chargino-neutralino
sector. In the In the CCN(n) scheme, these are given
by [73 74,107,111]

M, =

O + 8N, —N;36Ma+2N;3Niydu},  (C3)
nl

1
_ ® Yk OS _ grx y* oS
oM, = kot — kot {qulzamﬁ U22v225mﬁ
+V2(cp(ky = k)Vis Vi,
+55(ro = ra) Ut Usy ) My et

+ (S/}(kd - ko)VTZV;Z

M3
- Gylra = rU3pU3p) S, (4
w

Sy = S {U;lv;lémE)f -
k,r, —kyry Zi
—V2(sp(kg = ko) Vi1 V3,

+ cp(ro = ra) Uy Uz )My cjéty
+ (cplka = ko) Vi1 V53

2
DUV S, (©s)

x 7% oS
Vi 5’";(;

- Sﬂ(ro -
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where we have used the following notations:

ky = U7, U3,,

_ * *
ra=ViiVy,

k, = U, Uy,

__ /* *
ro = ViV,

and

0N, = 2¢50t5(spNys + cpNu) (MwNyy = Mzsy Ny ) + (cpNys — spN3) (N’” {M_ZSW + 2Mz5sw} S My, )
5m)%3 = ﬁé[m)?gZ){(‘o (mjg) + ZjoL (m;g)]nn’
o9 = Re| "2 (- () + B () + 342 “

We have used n = 4 for BP1-4 and n = 3 for BP5-6. A more thorough analysis can be found in [73] and [107].

We have used an on shell renormalization scheme, which has been implemented in the FormCale [107], to evaluate these
counterterms for the benchmark scenarios.

Next, §¢X is given by

2
56k =< (cTAz + B, z—w> (C7)

In the above expression A, and B, are given by

Ay = =2(caZi3 = 54Z14) ((8Zeswy — Bsw)Z 12y — Z11 (Bswsw + 6Z.cy)s3)
4

By = Z[(CaNis — 5aNis) (swN11 = cwN12) + (swNiy — cwNp)(caN13 = 5:N14)(6Zi1 + 6Z;))
i=1

+2(82% = 6Z15)[sa(N13 = N1g) + co(Ni3 + Nig)(swNij — cwhNi2). (C8)

The wavefunction renormalization counterterms for the neutralino sector and the CP-even Higgs sector have been
determined using the on shell renormalization scheme [73,115], following the implementation in FormCale [107]. For
different benchmark scenarios, variants of the on shell renormalization scheme have been adopted; a detailed discussion
may be found in [74].
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