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Abstract Electroweak loop corrections to the matrix ele-
ments for the spin-independent scattering of cold dark matter
particles on nuclei are generally small, typically below the
uncertainty in the local density of cold dark matter. How-
ever, as shown in this paper, there are instances in which the
electroweak loop corrections are relatively large, and change
significantly the spin-independent dark matter scattering rate.
An important example occurs when the dark matter par-
ticle is a wino, e.g., in anomaly-mediated supersymmetry
breaking (AMSB) and pure gravity mediation (PGM) mod-
els. We find that the one-loop electroweak corrections to the
spin-independent wino LSP scattering cross section gener-
ally interfere constructively with the tree-level contribution
for AMSB models with negative Higgsino mixing, u < 0,
and in PGM-like models for both signs of pu, lifting the cross
section out of the neutrino fog and into a range that is poten-
tially detectable in the next generation of direct searches for
cold dark matter scattering.

1 Introduction

As a general rule, electroweak loop corrections to the matrix
elements for the scattering of dark matter particles on nuclei
are expected to be small compared to other uncertainties such
as those in the local density of dark matter, its velocity spec-
trum and the distributions of quark and gluon constituents in
nuclear matter. However, there are instances in which elec-
troweak loops can make non-negligible contributions to the
dark matter scattering matrix elements, as we discuss in this
paper, focusing on the case of the scalar matrix elements that
dominate spin-independent dark matter scattering.
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These instances arise when the tree-level scattering matrix
element is suppressed, e.g., because scalar exchange is para-
metrically reduced as in the case of a wino-like dark matter
particle that couples weakly to an intermediate Higgs boson,
or because of an accidental cancellation for specific values of
the contributions to the hadronic scattering matrix element
that causes a ‘blind spot’ in the model parameter space.!
The former case is relevant, in particular, in models with
anomaly-mediated supersymmetry breaking (AMSB) [1-21]
or pure gravity mediation (PGM) [22-27], which predict
that the lightest supersymmetric particle (LSP) is a wino-
like neutralino. A first example of a ‘blind spot” was given
in the MSSM with supersymmetry-breaking parameters con-
strained to be universal at the input grand unification scale
(the CMSSM) for a negative sign of the Higgsino mixing
term u [28-37].

The models we consider here are all based on the minimal
supersymmetric extension of the Standard Model (MSSM).
In complete generality, such an extension contains a very
large number of new parameters, most of which relate to the
supersymmetry breaking that breaks the degeneracy between
scalar and fermion masses in the matter sector, and between
gauginos and gauge bosons in the gauge sector. Differences
between models stem from the mechanism of supersymme-
try breaking, which is generally thought to originate from
supergravity. For example, in the CMSSM, perhaps the best
studied class of supersymmetric models, gravity-mediated
supersymmetry breaking generates universal masses for all
scalar superpartners, mq as well as universal scalar trilin-

' Analogous cancellations may occur in non-supersymmetric models
of dark matter, in which case one-loop corrections could again be impor-
tant. This possibility is quite model-dependent, and a general discussion
lies beyond the scope of this paper.
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ear terms, Ag. With minimal assumptions on the the gauge
kinetic functions, universal gaugino masses, m1 2, are gener-
ated. When one specifies the value of 1 and the supersymme-
try breaking bilinear coupling parameter, By, the two Higgs
vevs are determined by the minimization of the Higgs poten-
tial. Using the known value of Mz, and keeping free the ratio
of the two vevs, tan 8, allows one to fix i and By from the
minimization. Thus the CMSSM has four free parameters:
mo, mji,2, Ao, and tan B (in addition to the sign of ). In the-
ories based on minimal supergravity, there is also a relation
between By and Ag which removes tan § as a free parameter,
leaving only three [38,39].

The models we concentrate on here are actually more
constrained as they contain fewer free parameters than the
CMSSM. In particular, in mAMSB models [7-19] the num-
ber of free parameters is reduced relative to the CMSSM,
from four to three. The gravitino mass, m3,2, provides a seed
for gaugino masses and A-terms, which are generated by
radiative corrections. For example, at one loop, the gaugino
masses at some high-energy scale (often taken to be the GUT
scale as in the CMSSM) are given by [1-6]:

YA T )
5 1672
5
M, = 2
2= 1e 2™ 2
5
My = —3-23
3 3167127713/2 3)

with M; < ms3/. This results in a mass spectrum with
[My]| : [Ma]| @ |[M3] = 2.8 : 1 : 7.1, resulting in a wino
LSP if the scalar masses are sufficiently heavy. Similar one-
loop expressions determine the trilinear terms at the same
high-energy input scale. Requiring that scalar masses are
also determined radiatively results in an unrealistic model,
because renormalization leads to negative squared masses for
sleptons. Thus the minimal AMSB scenario (mMAMSB) adds
a constant m% to all squared scalar masses [7—19]. Hence
the mAMSB model has three continuous free parameters:
m3,2, mo and the ratio of Higgs vevs, tan 8. In the limit that
mo = ms3/2, one recovers the set of two-parameter PGM
models [23-25], specified by m3,, and tan 8. For these mod-
els to be viable, tan 8 & 2 is required. As in the CMSSM, the
u-term and the Higgs pseudoscalar mass (or Bou) are deter-
mined from the minimization of the Higgs potential, and the
sign of u is free.

A lot of experimental water has passed under the super-
symmetric bridge since the CMSSM, AMSB and PGM were
initially formulated, with the LHC and direct searches for
dark matter via scattering experiments taking their tolls on
the respective supersymmetric model parameter spaces [40—
43]. For example, a recent survey of the CMSSM [44] found
allowed strips of parameter space in which the dark mat-
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ter density was brought into the allowed range by either the
focus-point mechanism [45-48] or stop coannihilation [49—
57], for Higgsino or bino LSP with Higgs mass calculations
enforcing a heavy spectrum. A global analysis of the AMSB
model that took into account LHC and other experimental
constraints [20] found them to be consistent with a wino
LSP weighing ~ 3 TeV [58-62] that had a very low spin-
independent dark matter scattering cross section that could
descend into the neutrino background “fog’ [63-65].> How-
ever, this analysis did not take into account electroweak loop
corrections to the spin-independent scattering matrix ele-
ment, which can become important in regions where the tree-
level scattering matrix element is suppressed, e.g., because
of large sparticle masses and/or a chance cancellation.

In both the mAMSB [7-19] and PGM-like [26,27] models
the LSP is typically a wino-like neutralino.? In such scenar-
ios, if the Higgsino mixing parameter u >> M, and mz, the
tree-level Higgs exchange contribution to spin-independent
dark matter scattering is strongly suppressed, which is why
the electroweak loop corrections can be important.* This is
the case, in particular, when there is a cancellation in the
tree-level scattering matrix element, as can occur in both the
mAMSB and PGM-like models, as we discuss here.

The outline of this paper is as follows. In Sect. 2 we discuss
calculations of the spin-independent dark matter scattering
cross section, first reviewing the relevant effective interac-
tions and then the tree-level contribution of Higgs exchange
and finally the form of the one-loop electroweak radiative
corrections. In Sect.3 we discuss calculations of two aux-
iliary quantities, namely the relic wino dark matter density
and the Higgs mass, paying particular attention to the require-
ments of radiative electroweak symmetry breaking and a reli-
able calculation of the Higgs mass in supersymmetric models
with a very heavy spectrum. We present our results for the
spin-independent wino dark matter scattering cross section
in Sect.4, exhibiting the regions of AMSB and PGM-like
parameter space where the one-loop effects enhance the cross
section, as well as regions where they suppress it. For reasons
that we explain, both effects are possible in the AMSB model,
whereas the cross section is generally enhanced in the PGM-
like model. As we discuss in Sect. 5, there are generic regions

2 We note that several studies have argued that wino dark matter may
be in conflict with Fermi-LAT and H.E.S.S. observations of the gamma-
rays coming from the Galactic centre and dwarf spheroidal galaxies [66—
74]. The degree of this tension depends, however, on the uncertainties
in the dark matter density profiles in these objects.

3 Although there are limiting cases in both models where the LSP
becomes Higgsino-like.

4 We note that the one-loop corrections are always small and higher-
loop corrections expected to be even smaller, thus maintaining pertur-
bativity. The one-loop corrections computed here acquire importance
only because the tree-level contributions are suppressed by generally
small Wino-Higgsino mixing and, in some parts of the parameter space,
an accidental cancellation.
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of the models’ parameter spaces where the enhanced cross
section rises out of the neutrino fog and may be detectable
in the next generation of direct searches for cold dark matter
scattering.

2 Spin-independent scattering cross sections
2.1 Effective interactions

We first review the calculation of the cross section for the
elastic scattering of wino-like dark matter on a nucleus. We
focus on the spin-independent elastic scattering, as the spin-
dependent scattering cross section turns out to be negligibly
small for the cases considered here. The spin-independent
scattering cross section for generic Majorana fermion dark
matter is given by [28-32,75-81]

Z,A _ 4 meT
b1

2
st =2 +mT) [Zf, + (A= D], “)
where m , and mr are the masses of the Majorana dark matter
and the target nucleus, respectively, A and Z are the mass and
atomic numbers of the nucleus, and fy (N = p, n) are the
effective dark matter-nucleon couplings.

The effective couplings fy are obtained as a sum of
the Wilson coefficients of dark matter-quark/gluon effective
operators multiplied by their nucleon matrix elements. The
operators relevant to our discussions are [28-32,80,82—-85]

5 0- s —H ~
Let =Y a3y °%°Gq + ac ;SXOXOGEQUG”W
q

ﬂlq =0 ~0 ﬁZq Z0:am:qv ~0
+ZEXOIBMVUX (’)fw-i—zm—zxota“la"x (7
q q

X
&)

where x 0 denotes the dark matter field, the q are quark fields,
G, is the field strength tensor of the gluon, oy = g2/ 4m)
is the strong gauge coupling constant, and the OZU are the
so-called twist-2 operators of the quark fields® defined by
[80,81]

l_. 1
OZV = qu(Dqu + Dyyu — z’?,uvl))q, (6)

with D, denoting the covariant derivative.

5 One could also consider the interaction described by the gluonic twist-
2 operator. However, as we see below, this interaction is induced at
higher order in oy compared with the other interactions, and thus can
be neglected for the leading order computation.

XU XU >~<0 >~<0
\I/ \I/
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Fig. 1 The Higgs-boson exchange processes that contribute at leading
order to the spin-independent scattering of wino-like neutralino with
nucleons

2.2 Tree-level Higgs exchange

The effective four-fermion coupling, a3, in Eq. (5) contains
contributions from both squark and Higgs exchange. How-
ever, in the region of parameter space of interest here, the
squark masses and the heavy Higgs scalar mass, m g, are sig-
nificantly larger than the light Higgs scalar mass, mj,. Thus,
at leading order, wino-like neutralino dark matter-nucleon
scattering is induced by the light Higgs-boson exchange pro-
cesses shown in Fig. 1. By integrating out the Higgs boson,
we can readily obtain the effective quark couplings a3, [28—
32,82]

gm .
§‘qree) i~ 74mwfn% Re[(Zy3cos B — ZyasinB) (8Zy2 — 8'Zy1)].
)

where g and g’ denote the SU(2), and U(1)y gauge cou-
plings, respectively, my is the W-boson mass, the m, are
the quark masses, and tan 8 is the ratio of the Higgs VEVs
defined by tan 8 = (H,? )Y/ <H(?>~ Note that in the assumed
limit, mg > my >~ 125 GeV, the Higgs mixing angle, « can
be approximated by the decoupling limit « — g — 7/2,
so that cosa — sinf and sina — —cosfB. The Z,;
(i =1,2,3,4)in Eq. (7) are defined by

%0 =Z B+ ZpoWO + Zy3HY) + Zys HY, (8)

where é, WO, ﬁg, and ﬁb? , denote the bino, wino, and Hig-
gsino fields, respectively. Focusing on the region of param-
eter space in which 3° is wino-like and my < |M; — 1
(i = 1,2), where M, M, and p are the bino mass, wino
mass and Higgsino mixing parameters, respectively, we have

my .
Zy1 =0, Zy,~1,Zy3~ 272(M200sﬂ + wsin B),
M5 —

—zmiwz(Mz sin 8 + pcos B), )
%

Z42
X MZ_
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Table 1 Values of the mass fractions f};\? obtained in Ref. [89]
f(jV) f](_jV) f(:V) f;(/:/) f(:V) fT(;V) f};N)
Proton 0.018(5) 0.027(7) 0.037(17) 0.917(19) 0.078(2) 0.072(2) 0.069(1)
Neutron 0.013(3) 0.040(10) 0.037(17) 0.910(20) 0.078(2) 0.071(2) 0.068(2)

and we can further approximate Eq. (7) as

(tree) meq (M3 4+ e sin2p)
Y 4mj (M5 — p?)

(10)

. . tree —
From this expression, we see that o:§ ) decreases as < i

when || >> M>, which is the case for the AMSB so long
as mo < m3;2. These approximations also hold in the PGM
model for values of tan 8 that maintain || > M.

The contribution of the diagrams in Fig. 1 to the effective
nucleon couplings is obtained by using the nucleon matrix
elements of the quark—antiquark scalar operators, gg. Their
values are often described by the mass fractions f;;v) defined
by

1

N _
mer(q ) = (NlmyGqIN) = o, =myB,) . (11)
with m y the nucleon mass. For the light quarks, combinations
of the matrix elements can be related to o terms such as the
pion—nucleon o term

1
YaN = E(mu +mq) (Bi + By), 12)

which may be computed directly with lattice simulations [86]
or extracted phenomenologically from data on low-energy
m-nucleon scattering or on pionic atoms [87,88]. Another
combination can be extracted phenomenologically from the
octet baryon mass splittings,

1
op = z(mu-F”u)(Bf+-B§-—ZBf), (13)

which gives

p ms

oy =msBy = —————(Xxn — 00). (14)
my +my

A third relation is obtained from baryon octet masses

.= B{,’—Bf _ Mmgo +mg- —mp —my ~ 149,

B — BY Ms+ +mg- —mp —my,
(15)

From a recent compilation in Ref. [89], we use
YN = 4611 MeV o, = 35+£16MeV, (16)
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which determines the matrix elements of the three light
quarks and we list them in the first three columns of Table 1
for the reader’s convenience.

The contributions of the heavy quarks to the scattering
cross section are often calculated by integrating them out and
replacing them by the one-loop gluon contributions so that

T(N) = 21 T(év) for Q = ¢, b, t, where the nucleon matrix
element of the gluon scalar operator is evaluated using the

trace anomaly formula given in [90,91]:

8
(NG, G IN) = —gmn £ (17)

which holds at the leading order in o5, and we note in addition
that 1) = 1= %, 45 o -

However, momenta around the mass scale of the quark
running in the loop make the most important contributions
to the integral in the loop diagram shown in Fig. 1. These
contributions are often referred to as long-distance contri-
butions as the relevant energy scales are much lower than
the electroweak scale in the cases of the charm and bottom
quarks. Since a,(m ) is rather large at the scales of these
masses, higher-order QCD corrections are significant. We
take these corrections into account to O(ozf) in perturbative
QCD, following Ref. [92], finding

_ 2/ (N) —
0c = o= (~03+ 148£)) ) My = T3.4£1.9 MeV.
(18)
2
o = (_0.16 + 1.23f}2”) My = 673+ 1.6 MeV,
(19)
2
o == (_0,05 + 1,o7f;2’)) My = 647+ 1.4 MeV.
(20)

Using (11), the corrected contributions for all quarks can then
be expressed in terms of the effective mass fractions fT(IQV),
whose values we show in the last three columns of Table 1.

The resulting effective coupling is given by

Ot(tree)
Iiltree) = my Z 3q ;N). (21)
mq q

q=u,d,s,c,b,t

This treatment increases the resulting value of fx by O(10)%
[89] relative to computing fx using a common f}N) for the
heavy quarks. We note that even though the contributions



Eur. Phys. J. C (2024) 84:4

Page 5 of 17 4

from heavy quarks are induced by QCD loop diagrams, the
resultant contributions are similar in magnitude to those from
the light quarks [80,83,84]. This is because of the large con-

tribution of the gluons to the mass of nucleon: f;g/) > fT(;V).

2.3 Electroweak loop contributions

As seen in Eq. (10), the tree-level Higgs exchange contribu-
tion is suppressed when the Higgsino mass is very large. In
this case, the contributions from the loop processes shown in
Figs. 2 and 3 may dominate over the tree-level contribution
[93]. These loop contributions have been computed in the lit-
erature [83,84,94-101], and we include them in our analysis
with the following approximations:

e We use the results obtained for a pure wino, though the
wino-like neutralino LSP in our case also contains admix-
tures of the bino and Higgsinos. This approximation is
valid since the loop corrections can be significant only
when the Higgsino mass is quite large so that the tree-
level bino contribution becomes small — in this case,
|Zy11,1Zy31,1Zy4] < 1 as can be seen from Eq. (9),
i.e., the LSP is almost pure wino.®

e Although the electroweak loop contributions have been
computed at NLO in QCD [101], we use the LO result,
since the difference between the two approximations can
be neglected for our purposes.

In the rest of this subsection, we summarize our results for
the electroweak loop contributions.

The left diagram in Fig. 2 gives rise to scalar light-quark
operators, with coefficients given by

2
(loop) armg
= —— w), 22
39 4mwm% gu(@) (22)

where ay = g2/(4m) is the SU(2), coupling strength and
w = m%v / mi The mass function gp(x) is given in the
Appendix. In addition, heavy quarks provide scalar gluon
operator contributions via the two-loop diagrams in Fig. 3.
As in the case of the tree-level Higgs exchange processes,
these two-loop contributions can be comparable to the one-
loop contribution to the scalar quark operators, even though
they are induced at a higher order in O(«y).

We again take account of the long-distance QCD cor-
rections to the left diagram in Fig. 3 by using the f;N)
(Q = ¢, b, t) values given in Table 1. For each heavy quark

© The one-loop expressions presented in this section apply to general
scenarios of triplet fermionic DM with ¥ = 0 that only interacts elec-
troweakly [102,103].

)~(0 S0

Fig. 3 Two-loop contributions to wino-nucleon scattering

we have
2
(loop) aymo
o = ——oy(w), 23
30 4mwm%gH( ) (23)

which is the same as in Eq. (22).
The contribution from the right diagram in Fig. 3 is
included in the coefficient o of the scalar gluon operator:

o3 o3
g =2 x —Fgpi(w) + —5-gB3(@, 1), (24)
dmyy, dmyy

where T = mt2 / mi and the mass functions gg; and gg3 are
given in the Appendix. The first (second) term in the right-
hand side of the above expression corresponds to the first-
and second-generation (third-generation) contribution. We
use the LO formula (17) to evaluate the nucleon matrix ele-
ment of the gluon scalar operator. A more systematic treat-
ment for the inclusion of the higher-order QCD effects as
well as the separation between the long- and short-distance
contributions using the matching procedure is discussed in
Ref. [101].

The right diagram in Fig. 2 induces interactions described
by the twist-2 operators in Eq. (5). The Wilson coefficients
of these operators are found to be

2
)

Big = —5-811(0), (25)
My

@ Springer
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o2

Brg = —5gm2(®), (26)
my,

forg =u,d, s, cand

o3
Bip = m—3hT1(w7 7), 27
w
o3
my,

for the b quark. The nucleon matrix elements of the twist-
2 operators are given by the second moments of the parton
distribution functions (PDFs) [80,81]:

1
(N (D) O IN(p)) = my (”’:f v WU) [av @) +av )]
N
(29)
with
1
v (@) = fo dx x qu (x), (30)
1
v =/O dx x v (), 31)

where gy (x) and gy (x) are the PDFs of the quark and anti-
quark, respectively. We present in Table 2 the values of the
second moments at the scale . = mz for the proton, where
we have used the CJ12 NLO PDFs given by the CTEQ-
Jefferson Lab collaboration [ 104]. As mentioned above, there
is also a gluon twist-2 contribution, but this can be neglected,
as it is higher order in ¢ /7, and the nucleon matrix element
of the gluon twist-2 operator, g(2), is not so much larger
than the light-quark operators, ©(2) and d(2), in contrast to
the cases for the scalar operators. Thus the gluon twist-2
contribution is always suppressed by an extra o /m factor
compared to the light-quark twist-2 contributions.

2.4 Summary

Combining the results above, the effective coupling fy is
evaluated as

(tree) (loop)

In Iy ) ) %3¢ 8 v

—_— = — —|— T —_— —fTG (xG

my mpy _ T my 9
q=u,d,s,c,b,t

3 -
+ Z 7N @ +an@)(Big + Pag). (32)

q=u.,d,s,c,b

where flgree) is given in Eq. (21), the f;;v) are given in

Table 1, aglqOOP) is given in Eq. (22), «¢ is given in Eq. (24),
Bi1g and By, are shown in Egs. (26) and (28), respectively,
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the second moments gy (2) and gy (2) are given in Table 2,
and the mass functions in the coefficients are summarized in
the Appendix.

3 Calculation of the relic density and Higgs mass
3.1 Relic wino LSP density

As discussed earlier, the mAMSB model is characterized by
three continuous parameters, m3,2, mo and tan 8, and the
sign of p. Examples of (mg, m3,2) planes with tan 8 = 5
and 2 and both signs of p are shown in Fig. 4, which updates
a similar plot given in [21]. In the pink shaded region to
the right of each panel, there are no solutions for the mini-
mization of the Higgs potential, and therefore radiative elec-
troweak symmetry breaking is not possible in this region.
The red lines are contours of mj in GeV. (Our calculation
of the Higgs mass is discussed in more detail below.) In the
largely horizontal blue-shaded region the LSP relic density
is Q,h? =0.12£0.01.

The wino mass increases monotonically with m3 > as seen
in Eq. (2). For tan 8 = 5 and m3,, ~ 0.9 — 1 PeV, the wino
mass is roughly 3 TeV and, as seen in the upper panels of
Fig. 4, it is able to provide the correct relic density when
the Sommerfeld enhancements are included. For relatively
low values of tan 8 such as those chosen in Fig. 4, the Higgs
mass is quite sensitive to parameter choices and increases
with tan 8, and we find that for tan 8 =~ 5 the relic density is
satisfied for an acceptable value of the Higgs mass.

We note that, as m increases, the value of the i eventually
starts to decrease so that the LSP becomes more Higgsino-
like close to the region with no electroweak symmetry break-
ing. When p ~ 1 TeV and m3; is sufficiently large the LSP
is almost a pure Higgsino and the relic density is acceptable.
This region is visible as the diagonal blue strip running close
to the boundary of the pink-shaded region in the upper pan-
els of Fig. 4. However, we do not consider this strip, as our
approximations for the elastic scattering cross section only
apply in the wino-like case represented by the horizontal
blue-shaded band.”

As one can see in the upper panels of Fig. 4, fortan 8 = 5
the requirements of electroweak symmetry breaking and the
cold dark matter density enforce mo < m3,2. PGM boundary
conditions with mo >~ m3/, are only possible at lower val-
ues of tan =~ 2 [23-25]. In the lower two panels of Fig. 4,
we show the (mg, m3,2) plane with tan 8 = 2. In the hori-
zontal blue-shaded region, the LSP is again wino-like with
the required relic density. The Higgs mass is generally too
low, except for the largest values of mg allowed by radiative

7 Electroweak corrections for the Higgsino-like LSP are found to be
negligibly small [94-101,105].
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Table 2 Second moments of

the PDFs of partons in the e 0.464(2)
proton evaluated at © = mz. We u(2) 0.223(3) u(2) 0.036(2)
use the CJ12 'next—to—leadmg dQ2) 0.118(3) Q) 0.037(3)
order PDFs given by the _
CTEQ-JCfferSOH Lab N (2) 00258(4) N (2) 00258(4)
collaboration [104] c(2) 0.0187(2) c(2) 0.0187(2)
b(2) 0.0117(1) b(2) 0.0117(1)
L tanpf=5u>0 L tanpP=5,u<0
A~ \ A~
¥ 101 >
5] %]
< =
N’ N’
Q 0.81 Q
Ef’) E(ﬁ
0.6 1
0.4 1
0.2 1
30
m, (TeV) m, (TeV)
tanB=2,u>0 tanpf=2,u<0
<t
—_ 1.4 —_ 1.4
Z Z
A 1.2 a 1.2 1
N’ N’
3 Q
Em 1.0 { Em 1.0
0.8 1 0.8 1
0.6 1 0.6 1
0.4 1 0.4 1
0.2 y " " y / 0.2 - - - - "
06 07 08 09 10 11 12 13 14 06 07 08 09 10 11 12 13 14
m, (PeV) m, (PeV)

Fig. 4 The (mg, m3,2) plane in the mAMSB/PGM models for tan 8 =
5 (upper panels) and tan 8 = 2 (lower panels) for u > 0 (left panels)
and u < O (right panels). Electroweak symmetry breaking does not

electroweak symmetry breaking. We note that higher values
of my, can be attained for slightly higher values of tan 8. For
example, m, = 125 GeV is possible for tan 8 = 2.05.

The neutralino mass spectra for tanf = 2 and 5 are
shown in Fig. 5 for both signs of . Along each of the
curves, the value of m3/; is chosen so that the relic den-
sity is Qxh2 = 0.12. For tan 8 = 5, the range of gravitino

occur in the region shaded pink. Contours of mj, are shown as red lines
labeled in units of GeV. The LSP relic density is 2, 4> = 0.12 £ 0.01
in the region shaded blue.

masses is 0.87—0.95 PeV for u© > 0 and 0.86—0.94 PeV
for © < 0. Similarly, the range for the gravitino mass when
tan B = 2 is 1.0—1.3 PeV for © > 0 and 0.49—0.70 PeV
for u < 0. In all of the cases shown, we see that both the
bino and wino masses are relatively independent of m when
mo < m3/2. On the other hand, the Higgsino mass is quite
sensitive to m, as it is essentially determined by w, which is

@ Springer



4 Page 8 of 17 Eur. Phys. J. C (2024) 84:4
tanB=5,u>0 tanB=5,u<0
11 127
126
S S S S
() (O] v 7 (]
= 9 = 125 9,
3 IS < 8 - é_ =
£ £ £, - S
------ A
o] L 124
3 e
2 ‘ ‘ ‘ ‘ —L 123 2 ‘ 123
5 10 15 20 25 5 10 15 20 25
mq (TeV) mg (TeV)

my, (TeV)

Fig. 5 Calculations of the neutralino and Higgs masses as functions
of m for tan 8 = 5 (upper panels) and tan 8 = 2 (lower panels) and
> 0 (left panels) and ¢ < O (right panels). The (Higgsino-) (bino-)
wino-like mass contours are (blue dotted) (green dashed) black dash-

in turn fixed by the electroweak symmetry breaking condi-
tions. At very large my, || begins to drop, and at sufficiently
large mg the focus-point region [45—48] is reached and the
Higgsino becomes the LSP.

It is instructive to consider the dependences of the neu-
tralino masses on tan 8 as shown in the left panels of Fig. 6
for the cases m3/; = 950 TeV, mo = 15 TeV and both signs
of . We see that the lightest neutralino is always wino-like
with a mass around 3 TeV, and the bino-like neutralino has a
mass ~ 9 TeV. The second lightest neutralino is bino-like for
tan 8 < 5 and Higgsino-like for larger tan 8. Also shown in
the left panels of Fig. 6 is the Higgs mass plotted as a func-
tion of tan S. Here we see clearly the strong dependence of
my, on tan B for tan B < 10. All of the masses are relatively
independent of tan 8 when tan 8 2> 10.

For the same choices of parameters, we show the relic LSP
density as a function of tan 8 in the right panels of Fig. 6.
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dotted. For each value of m, the value of m3/> is chosen so that the
relic LSP density is xh2 = 0.12. Also shown is the Higgs mass given
by the scale on the right

While it might appear that there is a strong dependence on
tan B, this is largely due to the choice of scale. The relic
density is acceptable (particularly when calculational uncer-
tainties are taken into account) throughout the range of tan
shown.

In the limit that mo = m3,2 as in PGM models, only a
relatively narrow range of tan § is allowed, as seen in Figs. 7
where the neutralino and Higgs masses and relic density are
plotted as functions of tan B assuming mo = m3,; = 1.15
PeV for 1 > 0 (upper panels) and mo = m3;, = 0.7 PeV
for 1 < 0 (lower panels). The mass spectra plotted in the
left panels show again a wino-like LSP with mass around
3 TeV. Because the p parameter typically takes values of
order mg, the Higgsino masses are very large in this case
until tan B is sufficiently large that the focus-point region
is approached. At this point, the Higgs mass is increased
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Fig. 6 Neutralino and Higgs masses (left panels) and the cold dark
matter density (right panels) as functions of tan 8 for m3,, = 950 TeV,
mo = 15 TeV with u > 0 (upper panels) and 1 < O (lower panels).
The lightest neutralino is always wino-like (black dash-dotted line).

toward its experimental value. At still larger tan § radiative
electroweak symmetry breaking is no longer possible.

The relic LSP density for the same sets of parameters is
shown in right panels of Fig. 7. Depending on the sign of p,
the relic LSP density (which is always close to the observa-
tionally determined values) increases (i > 0) or decreases
(n < 0), tracking the behavior of the wino-like LSP mass.

3.2 Calculation of the Higgs boson mass

Reliable calculations of the light Higgs mass are challeng-
ing when the supersymmetry-breaking scale is O(PeV), as
is the case for the AMSB and PGM models considered here.
Accordingly, we have compared results from two codes:
FeynHiggs 2.18.1 [106,107] and mhsplit, a sim-

msp =950TeV, mo=15TeV, u>0
0.130 3/2 0 H

0.125 4

T T

0.120 A

Qh?

0.115 1
0.110 T T T T T T T
5 10 15 20 25 30 35
tanp
msz;; =950TeV, mg=15TeV, u<0
0.130
0.125
o
< 0.1201
@]
0.115 1
0.110 : : : .
10 20 30 40 50
tanf

The bino-like neutralino mass is shown as a green dashed line and the
Higgsino-like neutralino masses as a blue dotted line. (The two Hig-
gsinos are nearly degenerate.) The red solid line shows the Higgs mass

plified code devised specifically for large supersymmetry-
breaking scales. Following [108,109], the 2-loop RGE evo-
lution of the couplings of the effective theory below the super-
symmetry breaking scale are used to obtain the Higgs mass
at full next-to-leading order accuracy as described in more
detail in [110] for a model with an AMSB-like spectrum.
The same code was also adapted to PGM models [23-25].
A comparison of the results of the two codes is shown in
Fig. 8, where we plot the Higgs mass as a function of mg
given by each code for m3, = 950 TeV and tan = 2
with £ > 0 (left) and © < O (right). The Higgs mass
from mhsplit is shown by the (smooth) solid curve, and
that from FeynHiggs 2.18.1 by the dashed curve. For
mo = 0.1 — 0.6 PeV, both codes are in good agreement and
appear well-behaved. At lower values of m, the approxima-
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Fig. 7 Neutralino and Higgs masses (left panels) and the relic LSP density (right panels) as functions of tan 8 for the PGM model when m3,, =

mo = 1.15 PeV with & > O (upper panels) and ;1 < O (lower panels)

tions used in mhsplit break down. At mop 2 0.6 PeV,
FeynHiggs 2.18.1 starts to exhibit irregularities that
are absent in the simplified calculation.

Motivated by the above comparison, the Higgs mass con-
tours for the mAMSB models shown in the upper panels of
Fig. 4 are run using FeynHiggs 2.18.1, whereas those
in the lower panels for the PGM-like models with signifi-
cantly higher supersymmetry-breaking mass parameters are
run using mhsplit. The Higgs mass as a function of m for
fixed tan 8 and m3,, fixed to yield Qxh2 = 0.12 is shown
in Fig. 5. The upper panels with tan 8 = 5 are calculated
using FeynHiggs 2.18.1 while the lower panels with
tan 8 = 2 are calculated usingmhsplit. Asone can see, the
scalar mass range is highly sensitive to tan 8. It is relatively
easy in the mAMSB models with tan 8 = 5 to obtain accept-
able Higgs masses with mg ~ O(10) TeV, whereas mg 2 1
PeV is required in the PGM model with tan 8 = 2, and an

@ Springer

acceptable Higgs mass is only possible when the Higgsino
mass drops precipitously as one approaches the focus-point
region. The dependence of the Higgs mass on tan 8 is shown
in Fig. 6 for the mAMSB models and in the left panels of
Fig. 7 for the PGM models.

4 Results for the spin-independent wino scattering cross
section

We now present our results for the spin-independent scatter-
ing cross section of a wino-like neutralino, o, obtained using
the results presented in Sect. 2. Explicit expressions for the
mass functions introduced there are given in the Appendix.
We also provide in the Appendix simple approximate for-
mulae that apply when the wino-like neutralino mass m is
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—-=- my FeynHiggs
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mo (PeV)

(&) u>0

Fig. 8 Comparisons of the calculations of mj; made using
FeynHiggs 2.18.1 (dashed lines) and mhsplit, a simplified
code devised specifically for large supersymmetry-breaking scales
(solid lines). We see that the simplified calculation of m, is very stable

much larger than the electroweak scale, which is the case for
the parameter regions of interest in this paper.

We present in Fig. 9 a comparison of calculations of
o, made using tree-level matrix elements (dotted black
lines) and one-loop calculations (solid blue lines). The spin-
independent cross section is plotted as a function of m for the
AMSB model with tan 8 = 5 (upper panels) for both u > 0
(left panels) and v < O (right panels). In the lower panels we
show the cross section in the PGM-like model withtan 8 = 2.
The orange-shaded region in each plot corresponds to cross
sections in the neutrino fog [63—65]. For comparison, we note
that form, ~ 3TeV the current best experimental limit, from
the LUX-ZEPLIN (LZ) experiment [111],is 0, < 10=2 pb.

In the mMAMSB model with tan 8 = 5 and i > 0, we have
the discouraging result that although the tree level result is
above the neutrino fog (and hence in principle observable,
though it is still two orders of magnitude below the current
LZ limit), the one-loop correction induces a cancellation and
the cross section drops into the neutrino fog unless mg 2 23
TeV. Indeed, the cancellation is near-total when mqy = 16
TeV. This cancellation can be understood by looking at the
tree and loop contributions to the cross section separately.
From Egs. (10) and (21), we see that a3, /m, is independent
of my for a wino LSP in mAMSB, and we can write

(M> + psin2p)

flree) ~ 2 % 107%GevV ! x
! (M5 — p?)

: (33)

when taking mj, = 125 GeV. When the relic density is fixed,
requiring the wino mass, M> ~ 3 TeV, and noting that u

ms;, =950TeV, tanB=2,u<0

/ —— my mhsplit
1141 --- mjp FeynHiggs
I,
1124 /
110 T T T T T
0.0 0.2 0.4 0.6 0.8
mo (PeV)
(b) p<0

at large values of mq for m3,; = 950 TeV, tan 8 = 2 and both signs
of i, and agrees very well with the FeynHiggs results for values of
mo >~ 0.1 — 0.6 PeV

(nearly equal to the Higgsino mass shown in Fig. 5) varies
with mq, we see that the tree-level cross section varies little
at low mg (as does u) and increases as w begins to drop.
This is the behaviour seen in the upper left panel of Fig. 9.
When M, >~ 3TeV for wino DM and my, is restricted to the
observed value, the loop correction is roughly constant and
takes the value

{100P) ~ 1.6 x 10710 Gev 2. (34)

However, when & > 0 the tree level amplitude is negative
and for a certain value of u (mg) will cancel the one-loop
contribution as seen in Fig. 9. It is easy to see that a complete

cancellation, f,gtree) + f,§‘°°P) = 0, occurs when
3.7TeV
sin2f ~ —~_ _Z1EY (35)
2TV

This occurs when mo ~ 17 TeV, when tan 8 = 5 and  ~ 9
TeV as seen in Fig. 5. However, we note that the amplitude
will not vanish if || = 15 TeV. This same cancellation can
be seen in the upper panels of Fig. 10, where we show the
cross section as a function of tan 8 for m3,, = 950 TeV and
mo = 15 TeV.8

On the other hand, the tree-level scattering amplitude van-
ishes when M, + psin2p8 = 0. For tan 8 = 5, this occurs

8 We note in passing that the results obtained using the approximate
expressions for the one-loop mass functions given in Eq. (42) (dashed
blue lines) are very similar to the exact results, as was to be expected
since my > my.
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Fig. 9 Comparison of calculations of ¢, as a function of m( made
using tree-level matrix elements (dotted black lines) and one-loop cal-
culations made using the full expressions in the Appendix (solid blue
lines) and the simplified expressions in Eq. (42) that become exact when
the wino neutralino mass m, > m (dashed blue lines). The calcula-
tions are for the AMSB model with m3/; = 950 TeV, mg = 15 TeV

when pu ~ —8 TeV, corresponding to my ~ 21 TeV. How-
ever, when 1 < 0 the one-loop correction enhances the total
cross section, lifting it out of the neutrino fog and into the
domain of possible experimental observation (though still
unobservable at present). The large loop correction can sig-
nificantly shift this point of vanishing amplitude. In the case
of the upper right panel of Fig. 9, the cancellation would occur
at mo > 25 TeV, past the point where radiative electroweak
symmetry breaking is possible.

In the PGM-like model with tan 8 = 2 (sin28 = 0.8),
W > M, and the tree-level amplitude is approximately pro-
portional to 1/u. So long as w is very large, the one-loop
correction dominates the cross section substantially, lifting
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and both signs of p (upper panels) and the PGM-like model with
m3pp = mo = 1.15 PeV for u > 0 (lower left panel) and with
m3 = mo = 0.7 PeV for u < 0 (lower left panel). The orange-
shaded region corresponds to cross section values in the neutrino fog

it out the neutrino fog unless my > 1.2 PeV when u > 0, as
seen in the lower panels of Figs. 9 and 10.

Before concluding, we note that the tree-level cross sec-
tion in the mAMSB model was explored in a frequentist
analysis using constraints from cosmology and accelerator
experiments in [20]. The best-fit cross section for wino dark
matter was found to be slightly above (below) the neutrino
fog for £ > 0 (u < 0), and values for u© < 0 extended
far into the neutrino fog. It was also found that values of
the cross section extend to much higher values. This occurs
when m takes large values and approaches the region with
no electroweak symmetry breaking. This behaviour is seen,
for example, in the upper left panel of Fig. 9 where the cross
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Fig. 10 Comparison of calculations of o, as a function of tan 8 made
using tree-level matrix elements (dotted black lines) and one-loop cal-
culations made using the full expressions in the Appendix (solid blue
lines) and the simplified expressions in Eq. (42) that become exact when
the wino neutralino mass m, > my (dashed blue lines). The calcu-
lations are for the AMSB model with m3,, = 950 TeV, mo = 15

section increases by over an order of magnitude as my is
increased.

5 Conclusion and discussion

The results in Figs. 9 and 10 illustrate clearly the potential
importance of one-loop electroweak corrections to the spin-
independent scattering cross section for a wino-like LSP. In
the case of the AMSB model, the results in the upper panels
of these two figures show sharp difference between the two
signs of p. In the case of positive 1 (upper left panels), the
one-loop correction interferes negatively with the tree-level
contribution and has similar magnitude, potentially causing

msp = 950TeV, mg =15TeV, < 0

10—11
—_
Q
o
e
Q
B 1022
—-—~ loop appr.
10—13
10 20 30 40 50
tanf
msp =mgo=0.7PeV, u<0
10—11 4
—_
Q
o -=-=- loop appr.
N e
Q
b 10—12
0—13

2.080 2.085 2.090 2.095 2.100 2.105 2.110

tanp

TeV and both signs of p (upper panels) and the PGM-like models
with m32 = mo = 1.15 PeV for u > 0 (lower left panel) and with
m32 = mg = 0.7 PeV for u < 0 (lower right panel). The orange-
shaded region corresponds to cross sections in the neutrino fog. In all
four panels the value of m3; is chosen to give Qh? ~0.12

a total cancellation. On the other hand, in the case of nega-
tive u (upper right panels), the one-loop correction has the
same sign as the tree-level contribution for mo < 20 TeV and
tan 8 < 5, enhancing the spin-independent scattering cross
section. Furthermore, in the case of the PGM-like model
shown in the lower panels of Figs. 9 and 10, the one-loop
corrections enhance the cross section for both signs of 1.
The consequences of these effects is to invert the conclu-
sions about experimental observability that would be drawn
from considering naively the tree-level cross section alone.
In the case of the AMSB model shown in the upper panels
of Figs. 9 and 10, whereas the tree-level calculation gives
an observable cross section for ;4 > 0 and a cross section
lost in the neutrino fog for u < 0, the one-loop correction
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pushes the cross section down into the fog for most values
of mg and tan 8 when p > 0 and lifts it out of the fog when
i < 0. On the other hand, in the PGM-like model shown
in the lower panels of Figs. 9 and 10, the effect of the one-
loop electroweak correction is generally positive, lifting the
spin-independent cross section out of the fog for most of the
displayed ranges of m( and tan .

The one-loop electroweak corrections must therefore be
taken into account when assessing the implications of direct
searches for the scattering of cold dark matter on nuclear
targets for the viability of AMSB and PGM-like models.® The
good news is that the cross section is likely to be above the
neutrino fog for the AMSB model if i < 0 and for PGM-like
models with either sign of 1. On the other hand, even in these
encouraging cases the cross section is not much higher than
the neutrino fog, so a strenuous experimental effort [112] will
be necessary to explore these models. However, the results of
this paper indicate that this effort would have a good chance
of being rewarded if it is able to reach down to the level of
the neutrino fog.
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Appendix

We list here explicit expressions for the mass functions intro-
duced above:
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2b,

gH(x)—Zf(Z—xlnx)——(2+2x—x )tan1< ), (36)
Jx
_ 2 1 2bx
gB1(x) = 24«/?(2 )tan (ﬁ) (37
( )__x%(Zy—x) B x%y3lny x%(3y2—3xy~|—x2)lnx
SISV T TG =02 T 280 — 2] 24(y — x)3
x%ﬁ(y3 —2y% — 14y + 6x) tan™! (%)
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24by (y —x)3
~ X (x4 —3yx3 —2x3 4+ 3y2x2 + 6yx? 4 4x% — 6y%x — 6yx — 6y2) tan~! (%)
24b (y —x)3 ’
1 ]<2b )
gr, (x) = \/_{1 —2x —xQ2—x)Inx} + b (2 + x?) tan , (38)
Jx
() = — /(1 — 2 —x2 - )1 }+i<2—4 +x%)t —1<%) (39)
gT2 X) = 4 X X X X)Inx 4 X X X an ﬁ ,
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(x =) 12(x — y)
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Ty 4x — y)? 4x —y) fnx
N x1y(2(y —2) — 2x(1 “3y ) . P -0 -G -Se ) <%)
4(x — y)? 4b,(x — y)? Vx
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+x2y2(2x(5 Sy+y9) §(2 Ay+y) - <%) @
4by(x — y) VY
where we have defined b, = /1 — x/4. ho(w, T) >~ 0, (42)

When the mass of the wino-like neutralino m, is much
larger than the electroweak scale; i.e., w, T — 0, the above
mass functions can be approximated as

gH(w) >~ —2m,

(w) = —
w) >~ —,
8Bl B

(2 +3r)

gp3(w, T) ~ m,

N T
gri(w) >~ 3
gr2(w) =0
7w (24 3r)

hri(w, T) >~ s

withr = /t/w = m;/my.
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