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We explore a scenario of high-scale supersymmetry where all supersymmetric particles except gauginos
stay at a high-energy scale Mgygy that is much larger than the reheating temperature Try. The dark matter
is dominated by a bino component with mass around the electroweak scale and the observed relic
abundance is mainly generated by the freeze-in process during the early Universe. Considering the various
constraints, we identify two available scenarios in which the supersymmetric sector at an energy scale
below Try consists of (a) bino or (b) bino and wino. Typically, for a bino mass around 0.1-1 TeV and a
wino mass around 2 TeV, we find that Mgy should be around 103~1* GeV with Ty around 10*76 GeV.
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I. INTRODUCTION

Supersymmetry (SUSY) [1-6] is a significant theoretical
framework aiming at extending the Standard Model (SM),
drawing inspiration from the pursuit of a quantum gravity
theory, particularly within the context of superstring theory.
In the field of phenomenology, SUSY not only provides
a viable candidate for dark matter (DM), which plays a
crucial role in the formation of large-scale structures in
the Universe, but also contributes to the renormalization
group running of gauge couplings through the inclusion of
additional particles near the electroweak scale. This prop-
erty of SUSY facilitates the potential unification of the
three fundamental forces at high-energy scales. It has long
been postulated that SUSY DM takes the form of weakly
interacting massive particles (WIMPs) that can be probed
through diverse experiments [7—17]. However, the absence
of confirmed DM signals poses significant challenges to the
standing of SUSY DM. The current LHC search results
indicate that SUSY particles seem to be heavier than the
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electroweak scale [18,19], thus challenging the WIMP
paradigm of SUSY (for recent reviews on SUSY in light
of current experiments, see, e.g., [20-22]).

Given the current situation, in this study we consider an
alternative scenario of SUSY DM in which gauginos are
located at a low-energy scale, while all other SUSY partners
exist at a significantly higher scale M gqy. This scenario is a
special case of the split SUSY [23-26], where Higgsinos are
also taken to be a similar scale as sfermions. One should note
that the Higgs sector in this scenario is fine-tuned [27-34]
and it might be a consequence of the anthropic principle.
However, in this work we will assume that SUSY still
provides a candidate of DM and we will specifically consider
the minimal supersymmetric standard model (MSSM).
Since the measurement of gamma rays from the MAGIC
Collaboration [35] has strongly constrained the possibility of
wino DM,' the only viable DM candidate in the MSSM is
bino. However, it is widely known that pure bino DM is
typically overabundant from the freeze-out mechanism [36]
due to its weak coupling with the visible sector [37,38].
Alternatively, a bino particle with a rather weak coupling may
serve as a suitable candidate for feebly interacting massive
particle DM with a correct relic abundance generated via the
freeze-in mechanism [39], with assumptions that the reheat-
ing process solely occurs in the SM sector and the reheating
temperature Try is lower than the SUSY scale Mgygy-

"There is still viable parameter space for wino dark matter
assuming the core profile of the DM.
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In this work, we study the possibility that the bino DM in
the MSSM is generated via the freeze-in process during the
early Universe. We assume that all MSSM particles except
gauginos share similar mass Mgygy, which is much higher
than the reheating temperature Tgy of the Universe. To
generate enough relic abundance of bino dark matter, we
always require the bino mass lower than the reheating
temperature. While for the mass of winos or gluinos, it
could be either higher or lower than the reheating temperate
Try depending on the different scenarios we consider.

The paper is organized as follows. In Sec. II we present
the model setup. In Sec. III we first overview the physics

|
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where A =1, 2, 3 correspond to the SM gauge group
U(1)y,SU(2);,SU(3), respectively, and a denotes the
corresponding indices in adjoint representation of group A.
Fields V4, H,, H,, and f are the superpartners of the SM
vector gauge bosons V44 = B, W!~3 G!~8, scalar doublets
H,, H,, and fermions f. The fields H,, H,, H,, and H; are
defined as
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For the Higgs sector, we need a SM-like Higgs boson Hgqy
near the electroweak scale [40,41]. This is obtained from
the mixing between the two Higgs doublets H,, and H,; in
the MSSM,
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related to dark matter and then study the dominate channels
for bino freeze-in production. In Sec. IV we give the
numerical results and discuss the experimental limits on the
model parameter space relevant for our scenarios. We draw
the conclusions in Sec. V and leave the calculation details
for the Appendixes.

II. MODEL OF HEAVY SUPERSYMMETRY

Since we are considering a scenario of high-scale
supersymmetry in which only gauginos are at low-energy
scale, the relevant Lagrangian terms are

=Y V2gu[H(TAVAYH, + Hy(TA“VA)H, + He] - V24, LZ}*(TMVM) f+Hec.
A=1273

=q.l
(2.1)

[

where o~ is the second Pauli matrix, and tanf =
(HY%)/(HY) with (HY) and (HY) being the vacuum expect-
ation values (VEVs). Such mixings can be realized by
properly choosing Higgs mass parameters u, My , My,
and b. The subscript NP in Hyp denotes the new physics
(NP) Higgs doublet in the MSSM accompanying the SM
one.” Since the mass parameters My , My, b, and u are
all much larger than the electroweak scale, a tuning of
these parameters is needed to get a light Higgs boson at
electroweak scale [27,28,30-32]. We need also match
the Higgs self-coupling to be the SUSY value at the scale
of Msusy,

2

cos® 2p.

A(MSUSY) = (25)

i +9
4
Note that the Higgs self-coupling 4 becomes very small at
the high-energy scale due to the renormalization group
equation running, and thus the f value should get close to
/4 and tan f ~ 1. We will fix tanf = 1 as the benchmark

parameter throughout this work for simplicity.

Generally, when considering physical processes at tem-
perature 7 < Mgygy, we can integrate out the heavy
mediators with mass u, My ~ Msysy > Try and get the

following effective operators at the level of dimensions five

*Note that, in order not to increase the complexity of notation,
we do not further perform the expansion of the complex but
electrically neutral scalars H3, HYp into real and imaginary
parts. However, one needs to beware that G§M, H(s)M contain the
Goldstone boson modes to be absorbed into vector gauge bosons
W, Z0 after the electroweak symmetry breaking (EWSB).
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Schematic plots for interactions of DM composed of pure B with SM after cosmological reheating considered in this work,

which would induce dimension-five (left) and dimension-six (right) effective operators. The SM Higgs boson Hgy, originates from the
mixing between MSSM Higgs doublets H,,, H ;. Colored lines indicate the direction of freeze-in production when applicable. Additional
Hermitian conjugated processes also exist when the amplitudes are complex. See more discussions in the main text.

and six, respectively:

1 OSSR
dimension5: o« —|Hgy|*(BB,BW), (2.6)
U

dimension6: 1 (f'BY)(fB. fW.fG). (2.7)
M3
Since we assume the mass parameters of Higgsinos u and
sfermions My around Mgysy, the dominant process would
be from the dimension-five (dim-5) operators. Nevertheless
we also present the processes related to dim-6 operators for
completeness.

We acknowledge that a majority of the significant
processes are evaluated at energy scales considerably
beneath Mgygy. The recommended approach entails ini-
tiating the integration procedure for the massive particle
to derive the effective operators of dimension 5 and 6, along
with their corresponding Wilson coefficients, within the
realm of Mgygy. Subsequently, the computation of these
Wilson coefficients at the pertinent scale is achieved by
employing the renormalization group equations to track the
evolution of the operators. Notably, there exists a potential
correction to the primary outcome, potentially on the order
of O(1), yet the fundamental framework remains robust.
We leave the investigation of this effect for future study.

III. FREEZE-IN BINO DARK MATTER IN MSSM

A. Particle spectrum

Despite the existence of new Higgs bosons and many
supersymmetric partners of the SM particles, the MSSM
particle spectrum we consider in this work consist of two
sectors distinguished by their characteristic mass scales.
Although not making significant difference for the mass
spectrum structure before and after EWSB, we take the pre-
EWSB case as an illustration.

(1) Heavy sector, inactive after cosmological reheating

Mass: M ~ MSUSY > TRH
(a) Higgs bosons not in SM: HI(ZIP, A, HI{EP,
(b) sfermions £,
(c) Higgsinos H,, H,.

(2) Light sector, active after cosmological reheating
Mass: M ~ O(l) TeV « MSUSY
(a) SM particles,
(b) bino B, consisting of cosmological DM with
mass M| < Try,

(c) winos W, with mass M,,

(d) gluinos G, with mass M.
In the above we utilized gauge eigenstates for description,
since B,W do not mix with Higgsinos H,, H, before
EWSB when the SM Higgs boson Hgy has not acquired
the VEV.

B. Bino production from freeze-in mechanism

In the early stage of the Universe before EWSB when the
gaugino states B, W do not mix with Higgsinos H,, H,,
pure B acting as DM can only interact with the SM via
mediators with heavy mass near the scale Mqygy, as shown
in Fig. 1. Because of the suppressed interacting strength,
the cosmological production of bino DM in our scenario
proceeds via the freeze-in mechanism. In the following, we
consider the contributions to bino DM production from
several typical processes.3

C. Case I: Bino freeze-in from HH* — BB

This case corresponds to the left panel of Fig. 1 but
without winos W. After integrating out the heavy
Higgsinos, the relevant dim-5 effective interaction is given
by (the details are given in Appendix A)

2772 o
L 5= ,lu Bsinpcosp(|Hsu|?) (BB+B'BT), (3.1)
where |Hgy|> = Gi(Gi)* + (HY) (H2y)*. In the sub-
script HH* — B B on the left side (and hereafter when not
causing any confusion), we denote Hqyy as H to simplify

3After electroweak phase transition occurs and Hg); acquires
VEY, the top and bottom vertices in the left panel of Fig. 1 imply
the mixing between B, W and I:IM,I:Id, resulting in the mass
eigenstates of electrically neutral neutralinos 7 , ; , and charged
71, (see discussion in Sec. IVA).
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the notation, and all fields in the initial and final states of
the process should be understood in the sense of physical
par“ticles.4 With more details given in Appendix B, Eq. (3.1)
would induce the Boltzmann equation of the bino number
density,

d
Ené +3Hng =Cyp_pp ~
The above equation can be modified to a differential

equation about bino yield Yz = ng/S (S is the entropy
density) and temperature 7',

dYyr—5p(T) __ Cun—pp
dT STH
Chaii
—(1.25 x 1073) x Mm%
p1Y /42 ’

where Mp ~ 122 x 10" GeV is the Planck mass,
S =2n%g,T3/45, and Hubble expansion rate H ~
1.66,/g.T*/Mp ~ with g, =106.75 before EWSB.
Performing a simple integration from reheating temper-
ature, it can be found that the final yield of B depends on
the reheating temperature 7xy which corresponds to the
ultraviolet (UV) freeze-in scenario [39,43],

B sin® fcos’
(1X10 )XM]Q?T RH»

Yyu-—pp(o0) »
(3.3)
and the corresponding current relic abundance is given by

Yoy pp(00)S
(QEh2>HH*—>BB’ =M, R ;;B( ) 0
cr

M,
Va3l gy ) * 272510

(3.4)

D. Case II: Fermion scattering process ff — BB

After integrating out sfermions with heavy mass M ; ~
M ysy in the right panel of Fig. 1, the effective interactions
between the SM fermion pair and B pair have the following
form at dimension six (for more details, see Appendix C):

(f'BY)(fB).

- Z (V29:Y ) (V2917 ) (3.5)

ff-BB 2
f=q. Mf

“Discussion on the naming convention of particles, states, and
fields can be found in, e.g., [42].

where, for simplicity, we consider a universal mass for all
the fermions, i.e., M; =M; = M;.
Thus, the Boltzmann equation is

dYp5-ps(T) _ Crj-ps
dT STH
Ciopp
—(125x1073) x M ff6“
T
—(8.6 x 1073) x Mp lM T2 (3.6)
f
and correspondingly,
_7 MPI 3
ij_,BB(OO)N(4.7X 10 ) X—4TRH’ (37)

i.

Y, p5(c0)S,
(Qph? )ff_}BB_lefL()o

~Y 7 (o) (%) < (272x101). (3.8)

E. Case III: Gluino/wino scattering or decay processes

As indicated by blue colored arrows in Fig. 1, the 2 — 2
scattering processes consist of two ways of generating
bino DM when combining U(1)y with SU(2), or SU(3)¢
interactions, related by the cross symmetry. Moreover, we
can also have the red colored arrow indicating 1 — 3
(1 - 2) decay processes generating binos before (after)
EWSB when the cosmological temperature drops below the
scale of M, or M5 (equivalently, when the age of the
Universe reaches the lifetime of W and G).

Similar to the previous two cases, integrating out heavy
Higgsino and sfermions would generate the following
dim-5 and dim-6 effective operators:

Eeff

case-1I1

_ {_;mglyzxﬁgz) sin feos (H*%UbH> (B

+ Z Z(\/_glyf)(\/_g2) (f )(labbe>

2
f=u;.d; e .vb=1 M 2
8 (V2g,Y \f) 1. .
2q, g3 4 rPa
+ > Z 2 (fBT)<§lfG)
fuLdLuRd a=1

+ H.c.

(3.9)

Note that the index f in the second line includes only
SU(2), doublets, while the index f in the third line
includes only quarks. To highlight the difference, we use
index @ and b to denote generators of SU(3) and SU(2),.
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interactions, respectively. Correspondingly, A* and ¢” are
Gell-Mann and Pauli matrices, respectively.

In the following, we consider the contributions to the
bino DM production from 2 — 2 scattering and 1 — 3
decay separately, while leaving the effects of 1 — 2 decay
appearing after EWSB to Sec. IVA.

1. Case III A: 2 — 2 scattering involving
gluinos/winos

With more details given in Appendix D, the collision
terms in the Boltzmann equation for dim-5 and dim-6
operators are approximated as (ignoring the masses of all
external particles)

T

Cyinn
dim =5 = 50487

/ ds(s —4M2)'2K (\/s/T)

/dQ |M‘HH*—>BB + |M|HH “SBW
internal d.o.f.

+ Nconj |M|WH—>BH)

1 3,, lsmzﬂcoszﬁ
(o) e

(3.10)

T
20487°

X /dQ |M|ff—>BB + |M|ff—>BW

internal d.o.f.

Cdim -6 =

/ ds(s—4M3)'\2K (\/s/T)

+NCOI‘U‘M| _HM‘Z +NconJ|M|

11

190 440
— (Tgl +3091g2 +Tglg3> _SWTs

Wf—Bf ff—BG Gf— Bf)

(3.11)

where Niq, =2 denotes the effects of the conjugated
process.

2. Case III B: Decay of gluinos/winos

Following the method in [39], with f and fy approxi-
mated by e~%6/T and e~F#/T the Boltzmann equation of
freeze-in production for the 1 — 3 decay processes is

d
—ng+3Hny=C

dt
2
_9eM3 M, gy M3
M TKl( T)FGWBJF ST

M,
X ( T > (Cwosip +Twonms),  (3.12)

where gz = 16 and gy = 6 are the internal degrees of
freedom (d.o.f.) of G and W, respectively. The expressions
of decay width involved in the above results are listed

in Appendix E. Changing variables to yield Yz and
temperature 7, we then integrate over temperature evolu-
tion to obtain the final yield. If reheating temperature Ty is
much larger than M, and Mj;, then the final yield from
1 — 3 decay can be approximated by

Teu C
yLl=3 ~
5 (%) /Tmm st

1
X (3x107%) x Mp, <WQGFG—>f’B
3
gl s+ gl ) (3.13)
TR I WorfB T 32 9W WoHHB |- .
w179 i

It is worth pointing out that the above result is not sensitive
to Try- Taking a low reheating temperature Try = 1.1M3
as an example, increasing the value of Ty does not modify
the result significantly.

In addition to the 1 — 3 decay, we should also note that
wino W with mass M, < Tgy stays in the thermal bath until
reaching its freeze-out moment, yielding a relic wino
number density, which would later convert to the equal
amount of bino number density nj via 1 — 2 decay W —
B + h after EWSB occurs. Depending on the bino mass
M, this freeze-out component would also contribute to the
total bino DM abundance in today’s epoch. We checked
that with wino mass M, =2 TeV, the 1 — 2 decay
contribution of ¥}~* to final bino yield is around 25%
(1%) on the percentage level for M; =1 (0.1) TeV [44],
thus not affecting the freeze-in domination scenario of this
work. We properly include the wino freeze-out contribution
in our results. There is also contribution from gluino late
time decay. However, to avoid the constraints from big
bang nucleosynthesis (BBN), we have to set the gluino
mass higher than the Tgry; thus we do not include its
contribution here.

IV. NUMERICAL RESULTS AND DISCUSSIONS

In Fig. 2 we show the required scales of y (M) for dim-5
(6) operators with various Try to produce the observed
bino DM relic abundance. The upper (lower) two lines
correspond to dim-5 (6) operators. We can see that, due to
more suppression of dim-6 operators, the needed M; are
generally O(107*) smaller than y in the dim-5 case. If we
assume O(u) ¥ O(M3), in order not to overclose the
Universe, the dim-6 contributions would be completely
negligible.

From Fig. 2, we can see that, for the case
My < Try < My, the dominant production of bino dark
matter is from the process HH* — B B from the dim-5
operator. Generally, Msygy should be around 10'3~1* GeV
for Try < 10° GeV. Since the final relic abundance is
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Qph® =012, tanf=1
M, =1TeV, M, =2TcV

e — BHY

1015} G - BB+B“"

1013 +

(GeV)

Msusy

101+

109°F

ff”BB

5x10% 1x10° 5x10° 1x108

Tru (GeV)

5000 4,104

FIG. 2. Values of p and M; to produce the observed DM
abundance via the UV freeze-in processes. See more discussions
in the main text.

proportional to Ty /4>, the Mgysy could continue increas-
ing if the reheating temperature Ty becomes higher. Note
that this is similar to the model of Higgs portal to fermion
dark matter which is studied in [45], with which we find
our results are consistent. We emphasize that our model is
motivated by a more complete framework and [45] falls
into one of cases we consider. Moreover, for the case
Mg, My, < Try, we find the wino-included process can
largely enhance the annihilation rate and a higher scale is
needed to satisfy the relic abundance. In this case, Mgygy
should be around 10'4~1> GeV for Ty < 10° GeV.

Notice that, if the gluino is in thermal equilibrium with
the SM in the early Universe and the sfermions mediating
the gluino decay are heavier than 10° GeV, the lifetime
of the gluino could be longer than the age of the Universe
when the BBN happens, leading to energy injection into the
cosmic plasma and altering the BBN profile. In all cases
considered in this work, we find Mgygy is much larger than
10° GeV; therefore, we always need Mg > Tgy to avoid
the limit from BBN [46]. More discussions on BBN limits
are given in Sec. IVA.

In Fig. 3 we show the comparison of final contributions
and intermediate profile of UV and IR freeze-in processes
to the bino DM relic abundance. It can be clearly seen that
the IR freeze-in final yields from wino three-body decays
are negligible compared to that of UV freeze-in processes
generated by 2 — 2 annihilation. Moreover, the critical
production moment determining the final yield of UV
freeze-in locates in a much smaller x (and thus much higher
temperature) than the IR freeze-in case.

pw=>56x10"TeV, Try = 100TeV

M, = 1TeV, M, = 2TeV
0.100
0.010E [ UV freeze-in: 2 — 2scattering
H*H — BB+ BW
_= WH® - BH®
[}
N
[}
© 0.001F
&
g
2
&
IR freeze-in: 1 — 3decay

~ ‘ .
= 1074k W — HH*B
]

1075

10_6 L L L L L L

0.05 0.10 050 1 5 10
x = M,yT
FIG. 3. Comparison between UV freeze-in and IR freeze-in.

Note the difference between temperatures indicated by x =
M, /T producing the correct relic density of bino DM.

A. Limits from BBN

After EWSB, the SM-like Higgs doublet needs to be
replaced by

G+
H= (\/Li(vﬂ—h—i—iGO))’ (4.1)

where h is the observed SM-like Higgs’scalar and v =
246 GeV is the VEV of h. G* [G™ = (G*)*] and G° are
Goldstone bosons that form the longitudinal modes of
SM gauge bosons W* and Z. As mentioned earlier, the
SM-like Higgs VEV will generate mixings among the
gauge states B, W, I:IL,, and A < and form mass eigenstates
of charge-neutral neutralinos 7, , 3 4 and charged charginos
71, (with ascending mass order inside sectors of neutra-
linos and charginos, respectively). For the scenario con-
sidered in this work, the component of neutralino 7° () is
dominated by bino B (wino W?3), and the component of
chargino 77~ is dominated by winos % (W'  iW?). More
details of the approximated masses and couplings can be
found in [47-49]. In the following, we would utilize the
language of gauge states (bino B, wino W, Higgsinos
H,. H,) and mass eigenstates (neutralino 7°, chargino 7*)
interchangeably before and after EWSB.

’If wino decays much later than electroweak phase transition,
then » = 246 GeV is a good approximation.
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Now we study the limit of BBN on our scenario from
lifetimes of neutralinos and charginos. In our scenario, only
neutralino 7 ~ B, 7} ~ W* and chargino 7{" ~ % (W' ¥
iW?) existed in the primordial thermal bath. Because of the
loop-induced mass splitting between 77 and ;”(g, chargino
7E can have the two-body decay i — 797~ [50-53]. It
makes the lifetime of ;?,i much shorter than 1 sec, and thus
it does not affect the BBN profile. However, we need to
scrutinize the lifetime of 79 more carefully. If 79 decays
after the onset of BBN, then the highly energetic decay
products will cause the photodissociation or hadrodissoci-
ation and thus change the final abundances of light
elements. So a bound from BBN can be put on the model
parameters, especially on the SUSY scale Mqygy [54,55].

It is easy to see that Fig. 1 implies the two-body decay
mode of 75 — 7%h at the level of dim-5 after EWSB, in
which case we will have

3
2g,Y 2 1
Legr = —Z(\/_gl H)(\/_QZ)sinﬂcosﬁ<H*—o”H>
b=1 H 2
x (BW?) +H.c.
91920 . T+ b 770 P
=== s1nﬂcosﬁ(G¢W B—hW B+H.c.)

o 9192V
2pu

sinfeos B(GTiZ) — hidy) + He.), (4.2)

where the first term containing Goldstone boson G can be
understood in the context of the Goldstone equivalence
theorem (GET) for i — 7{W=. It should be noticed that
Eq. (4.2) does not contain the three-particle coupling
G°W B and thus would not provide a way of inferring
the two-body decay mode 79 — 7Z via the GET. In fact,
7Y — 79Z comes from the gauge covariant Kinetic terms
of gauginos and Higgsinos combined with gaugino
mixings after EWSB. However, the decay width of 7 —
7VZ suffers from an extra suppression of ;% embedded in

the mass mixings compared to 7) — 74 and thus can be
ignored [56]. Therefore, we have the following dominant
two-body decay (see Appendix F for more details):

1 v . 2 M2
F;??—»;zoh ~M,— <—9192 Slnﬂcosﬂ) < _V;>
“ 2

1 16z \u
M \2
X (1 + —1> .

M,
Using the GET we would obtain the same results for

Do pow when neglecting the gauge boson masses.

In this work, we apply the limit of BBN to the require-
ment that the lifetime of ;?8 must be less than 0.3 sec [39]. In

Fig. 4, we show the interplay between BBN constraints and
freeze-in production, where the region below the black

(4.3)

Qph? =012, tanf =1, M,=2TeV
Solid: M; =1TeV, Dashed: M; = 0.1 TeV
1x1016 —
Blue: UV freeze-in from:
15[ o
5x10 H*H — BB+ BW
WH" — BH®
above line are allowed
1x10"5 ¢
= ]
S 5x10M4f .
> PP e -
12} -
2 .-
E [ :,.—.' .................
1x10M ¢ L
5x1013 _,—" Black: 739 50, = 0.3s
o below line are allowed
1x1013 MR L L L L
5000 44404 5x10% 1x10° 5x10° 1x108
TRH (GCV)
FIG. 4. Interplay between BBN constraints and freeze-in

production, where the region below black lines is allowed and
the region above blue lines is allowed.

lines is allowed and the region above the blue lines is
allowed. We can see that, for bino mass around 0.1-1 TeV,
an upper bound of Mqygy ~ 10'* TeV is needed to satisfy
both phenomenological requirements.

B. Limits from direct/indirect detection

Our scenario can easily escape from the current limits of
direct and indirect detection. In the case of direct detection,
Eq. (3.1) after EWSB would generate the #-channel
scattering of 7 with quarks and gluons in SM nucleons
mediated by SM Higgs boson, of which the event rate is
suppressed by 1/4? and is thus negligibly small. In the case
of indirect detection, which is basically the inverse process
of the freeze-in DM production, cosmic rays would be
generated via DM pair annihilations 7970 — #* — SM and
790 = hh > SM, of which the flux is again suppressed
by 1/u? and is thus not violating the current experimental
bounds.

C. Limits from the LHC

The collider signals of our scenario mainly come from
pp = ik 7k followed by 77 — 797* and 73 — i\h,
which both generate the long-lived particle (LLP) signals.
The LLP signatures manifest as disappearing tracks for
7+ = 73n* and displaced vertices for 79 — 7h, respec-
tively. However, 73_z, > O(107%) s would make 7
traverse through the whole detector before decaying, with-
out leaving any energy deposit in the calorimeters, thus
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easily evading the current ATLAS [57] and CMS [58]
searches for displaced vertex signals at /s = 13 TeV.
As for the disappearing track signature of 7i — 7oz,
ATLAS [59] and CMS [60] also performed dedicated
searches using a dataset at /s = 13 TeV and imply that
fﬁ )?(2) should be heavier than 500-600 GeV; therefore, our
benchmark points with M, =2 TeV are still available.

D. Discussions

Before ending this section, we discuss some details
concerning the SUSY mass spectrum.

First, our findings indicate that, to achieve the correct dark
matter relic abundance through the UV freeze-in mechanism,
the typical mass scales of SUSY particles (excluding
gauginos) should be in the range of 103~1% GeV. An
intriguing question arises concerning whether the SM
Higgs boson with mass around 125 GeV can be accom-
modated within this framework. In heavy SUSY scenarios,
as discussed in [28,31], sparticle masses around 10" GeV
are still viable, particularly when considering tan # = 1 and
allowing for the uncertainty in SM parameters within 1o
range. Expanding the range of uncertainty in SM parameters,
particularly the top Yukawa coupling, to 26 range allows for
a significant upward adjustment of the SUSY mass scale.
Notably, the work of [32] delves into high-scale SUSY
within 3¢ uncertainty for Standard Model parameters, with
findings indicating that for tan # = 1 a SUSY scale as high
as 10'® GeV remains consistent with the observed SM
Higgs mass. This underscores the importance of considering
a reasonable range of uncertainty in SM parameters when
assessing SUSY scenarios. However, it is crucial to note
that future precision measurements of SM parameters hold
the potential to rigorously scrutinize SUSY scenarios.
Therefore, our model stands poised for being tested against
these precise measurements, providing an avenue for further
validation and refinement.

Second, in our study we adopted the assumption of
a gluino mass greater than the reheating temperature Try
to avoid potential conflict with BBN constraints. Con-
currently, we presented typical mass ranges for the bino
(and wino) falling within the span of 0.1-1 TeV, with Try
estimated at around 10*-10° GeV. This naturally entails
the requirement for a substantial hierarchy between the
gluino mass and the bino (as well as the wino) mass.
Achieving such a hierarchy within the domain of super-
symmetry calls for a meticulous consideration of the
scenarios associated with SUSY breaking and mediation.
One plausible avenue involves postulating nonuniversal
gaugino masses. This can be accomplished by ascribing
distinct representations to the SUSY breaking superfield ®
with nonvanishing F-terms (see, e.g., [61-63]). While the
above framework provides a well-recognized means of
introducing a phenomenologically oriented hierarchy
among gaugino masses, attaining the desired mass ratio

between the gluino and the bino/wino may necessitate a
fine-tuning of the contributions arising from these different
representations.

It is crucial to emphasize that our present research
predominantly focuses on delving into the phenomeno-
logical aspects, especially within the realm of dark matter.
Acknowledging that a comprehensive model incorporating
precise calculations of the Higgs mass and the requisite
mass hierarchy for gauginos is undoubtedly imperative, we
intend to actively explore the feasibility of incorporating
these elements in our future work.

V. CONCLUSION

We studied a scenario of dark matter generated from the
UV freeze-in mechanism, realized in the framework of the
high-scale MSSM. The bino is the dark matter candidate
and its relic abundance is generated by the freeze-in
processes via the dim-5 or dim-6 operators. We found that
the SUSY scale Mgy should be around 10315 GeV for
reheating temperature in the range of 10+° GeV. We also
illustrated the interplay between BBN constraints from
neutral wino decay and the experimentally observed dark
matter relic abundance, implying an upper bound of Mgygy
around 10'* GeV for wino mass around 2 TeV and bino
mass of 0.1-1 TeV.
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APPENDIX A: NOTATION CONVENTIONS AND
DIM-5 OPERATOR IN CASE 1

In Eq. (2.1), the dot product means H,-H, =
H,(ic*)iH,; = H;H; — HYHY to realize the isospin
symmetry SU(2); where ¢ is the second Pauli matrix.
The Kronecker delta function (51’ manifests the SU(2),
blindness of the U(1)y interactions under consideration for
bino production and Yy = +1/2,Yy, = —1/2 are the
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hypercharges of doublets H,,, H, respectively. We follow
the convention of [42] and impose the left-chiral two-
component spinor formalism for Higgsinos Hj, HY,
HY, H; and bino B (as well as winos W and gluinos §
in later discussion). For case I in Sec. III B, the relevant
Lagrangian terms are

|
LD —EMIBB —u(H{H; — HYHY) + H.c.

9 9 v

g * IT+ B * 770 I —\* I7T— P
—\/—%(Hlf) HJB—%(HS) HgB"’_\/E(Hd) HyB
I 770\# 770
+ 2L (HO)FOB + Hec. (Al)
V2

After integrating out Higgsinos with mass y, we obtain the
dim-5 operator between SM Higgs boson Hgy and B DM,

- 2g1Y 2g,Y .
L;}*H*qgl}:_(\fgl ”)ﬂ(‘fgl H)(H;;.H;)BB +He.
29%Y%{ . ) HH L PTRT
=———=sinfcosp(Héy-ic°Hsy)(BB+B'B")
U
2°Y2

leHsinﬂcosﬂ(\HSMF)(BB +B'B), (A2)

where Yy = [Yy | =|Yy,| =1/2 and the dot products
are H,, - Hy = (Hy;)*(Hy)" — (H3)"(Hy)".

APPENDIX B: BOLTZMANN EQUATION AND
CALCULATION DETAILS OF FREEZE-IN
DM IN CASE I

In the homogeneous and isotropic Universe, the pro-
duction of binos is described by the following Boltzmann
equation [36]:

d
= np +3Hng = C,

7 (B1)

with nz denoting the number density of the bino particle,
and H is the Hubble expansion rate. Taking HH* — B B (B
means the physical bino particle) in case I of Sec. III B as an
example, we have [64]

C.. :lex / @pi d3pj @y
ok S (27)32E; (272)*2E; (27)32E,
d*p
X 7(27[)32[}51 (2m)*s*(p: + Pj—Pr—P1)

X [fifj(l —fk)(l—fl)—fkfl(l+fi)(1+fj)}

X Z |M|12j—>kl}’

internal d.o.f.

(B2)

where f; ;  ; are the phase space distribution functions. The
number density, taking f; as example, is defined as

3
n; Egi/ (621”1))3fi(l7),

(B3)

in which g; is the internal d.o.f. of particle i. The factor N
denotes the number of particles under consideration pro-
duced in the final state and the factor 1/S originates from
the phase space suppression due to the identical particles in
the initial and final states. For HH* — B B we have N = 2
and 1/S = 1/(N!) = 1/2. After some manipulations and
neglecting the negligible backward process, we have [64]

T

Ciou~ 3044

/(+ )zdspijWij—»lel(\/E/T)’ (B4)
my+my

Pl 2
W= dQIM|z_,,, (B5
=4 16ﬂ2\/§inten;.o.f./ | |lj_)kl ( )
Vs = mi )2 s = (mg—m;)?
Pij = (B6)

25 ’

where py; is similar to p;;. After summing over all bino spin
states s, s, and isospin states of the SM-like Higgs boson,
we have the amplitude square (s is the square of the central
energy),

> [aaMR, s

internal d.o.f.
2 . 2
; sin ff cos
< (2 x | S0l |y (1l
=1 H
2\ 3
X {64s< —4—M1>2}
s
gt

(B7)

~ (167) x = sin’fcos?fis.
p

We modify the MSSM file available in FeynRules [65,66] to
highlight the gauge state interactions and then export to
FeynArts [67] augmented with FeynCale [68] to perform the
calculation.

Since we are considering freeze-in production of B, f 12
in Eq. (B2) can be ignored. We can further approximate f5 4
by Maxwell-Boltzmann distribution, i.e., f34~ e E34/T,
Then the collision term can be rewritten as [43,64,69]
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T APPENDIX C: THE CALCULATION
o _ 2\1/2
Cun b~ 55505 / ds(s — 4M7)' 2K, (Vs/T) DETAILS IN CASE II
We use f=gq, | with g=u;,d; up,dy and [ =
x D /dQMHH**BB’ vep, ey tod he left-h ddL o—compo Weyl
e o ,er,ex to denote the left-handed two-component Wey

spinor of SM quarks and leptons, where the bars are simply

dss3?K,(v/s/T). notations and do not mean the Dirac conjugation.

Hypercharges are given by {Y, =Y, =7, , Yu;, Yd;,

(B8) Y, =Y, =Y, Ye;} ={1/6,-2/3,1/3,-1/2,1}. After

integrating out sfermions with mass My in the right panel of

Fig. 1, we obtain dim-6 operators between the SM fermion
pair and B pair,

T g}sin® fcos’p

T 1287 e e

Here K is the Bessel function of the second kind, and we
treat the SM-like Higgs boson in the initial state as being
massless. In the case where M; <« T, the collision term can
be approximated as [using [ dxx*K(x) = 16]

52 WRADWE0YD) 1y g, (e

eff - 2
0 0 M
A i dss3?K,(\/s/T) = /O (dxT)(2xT)(xT)*K, (x) f=al
M
] - where for simplicity we consider a universal mass for all the
= 2T5/ dxx*K,(x) = 3273. fermions, i.e., M7 = M; = Mj.
0

The amplitude squared terms in the collision term for the

(B9) ff — BB scattering process is given by

2 2
. . 16
Z /dQ|M|}2€f_>BB ~ 2”Nﬂavor lNcolor <Z(5?)2YZL + Yi; + Y;;) + (Z((S?)ZY‘;L + Yi;)] <M2> |:3 :|

internal d.o.f. i,j=1 ij=1

15207 g 2
27 M4 ’

(C2)

where Navor = Neolor = 3- As in Eq. (B2), if we neglect bino mass, then the collision term can be approximately given by
[using [ dxx®K(x) = 384]

T
Crr-i8~ 559 / ds(s = 4M})PK\ (V5/T) ) /dQW'JZCfMBB*
7[ internal d.o.f.
T 15207 g
~ dss’/* K T
20487r6< 27 M“)/ s (VS/T)
T 15207 g /
N——— Tdx)(2Tx)(xT) K
2048;:6( 27 M;t) , TGN )
190,11
9 g] T8. (C3)

5 I
™ M

APPENDIX D: THE CALCULATION DETAILS IN CASE III A

When neglecting all particle masses in the final state, we have

3 .
> [a0MRy, gy~ 20 % {Z t(ié)] 1) (10 gy

internal d.o.f. b=1 H

9%
= (487) x ;22 sin?fcos? s, (D1)

(’Agajn, fields in the initial and final states in the process should be understood in the sense of physical particles, where f denotes the
physical antiparticle. Discussion on the naming convention of particles, states, and fields can be found in, e.g., [42].
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Z /dQ|M|€~VH—>BH_ Z /dQ|M|€"VH*—>BH*

internal d.o.f. internal d.o.f.
3 .
- 1 1 2
~ (27) % Ztr<56b§6b) 2] (M) 324]
b=1 IS

2 2
= (24r) x g'gz sin?fBcos?fs,
U

(D2)
S0/1 1 919, \ 16
b~ b 2 2 152 2
. Z /dQ|M|ff—>BW 2%{2&(56 §6> [Nﬂavor(YLL +NcolorYQL)] (m) |:?S:|
internal d.o.f. b=1 f
2.2
919
= (167) x Alﬂzs% (D3)
!
> [damp, = > [aaim, g,
internal d.o.f. internal d.o.f.
3 2
1 1 aJ19» 32
~2 tr( =6” =6 ) | [Nawor (Y2 4 Negr Y2 )] [ 222 ] |22 52
EL; r<20 2° )][ tover (12, Ve ¥, )] M) [3°
2
= (327) x gzl—gfsz, (D4)
f

8
1.1
> /dQ|M|§%BGzzanuQﬂaﬂa)

internal d.o.f. a=1

2 2
/)22 2 2 9193 16 ,
Niavor (;(5") YotV Yd;ﬂ (V;) [?S ]
704 2 g3
- <_9 ”) x5, (DS)
7
Z /d'Q'|M|Gf—>Bf /dQ|M|Gf_>1§}
internal d.o.f. internal d.o.f.
~2 ’ 1/1a1/1a N : 5] 2y2 Y2 y2 9193 ’ 32 2
/) ;tr 5 E flavor l]z::l( i) QL+ u;+ d; Mfg 3 §

1408~ glg3 2
= . D6
( 9 > M4 (D6)

APPENDIX E: THE CALCULATION DETAILS IN CASE III B

The 1 — 3 decay processes are indicated by the red colored arrow in Fig. 1. When neglecting all particle masses in the
final state, we have

1 1 1

FVV—>BHH* =
(27)3 32M3 gy

Z /dmlzdm23|M|W—>BHH

9w internal d.o.f.
3

(el o o (2

11
T n)P32M3y 2sW

B 1 919> sin f cos f\ 2 Y%
 3847° U 2
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1 I 1

) 2
Dy = W32M§ /dmIde23|M|W—>1§ff'

9w internal d.o.f.

_ 1 1 itr Lot Lot )| [Npwer (72 N )] |03 (22 2
(27{)3 32M% Zz:l(ZSW—}- ) 2 ) flavor \ 1 L, color Y’ QL 3 M2
1 (992
192
T 1536 ( ) M3, .
- o1 / dni s | M2
G~B17 = 53 35073 o mizdmis Mg
(271-)2 32M% 96 internal d.o.f. b
! | 8 LI 2 9193 :
B j\212 2 2 8
= (277:)3 32M3 ZSG n 1 z:l < > Niayor z:l(éz) YQL + Yu}'e + Yd; 3M M2
i,j=
11 9193
T 92167 ( Mg’ -

where dm?,, dm3; are defined in [70].

APPENDIX F: THE CALCULATION DETAILS OF TWO-BODY DECAY AFTER EWSB
As discussed in Sec. IVA, we have the following 1 — 2 decay possibly affecting the cosmological BBN:

1 1
T oy = — dTL M2,
2=2h 2550 + 12M, ;d:f/ 2IM [

11 v ?
=390, / drl, (;9192 Slnﬂ605ﬂ> [4(19;;2 Py +M;28Mfr?)]

11 1 Pyl 2
“3ai; L] e it (osmsnpeoss ) (40 + ) "
where
M2 M2 _M2 M2 M2
£, = Mot M =M, M+ My (F2)
i 2M, 2M,
R (M3 + M+ M} - 2MAM} - 2M3M, - 2MM3)?
Pl =\ Ep —Mi =
X1 Xy 2M2
M2 _ M2
~Ya MY (F3)

Finally, we have [47]

1 1 1 1 M% v . 2 (M2 +M1)2
Ff(g—ﬁ(?h zim |:477,'16ﬂ:22 (1 —1‘42>:| <gng SlﬂﬁCOSﬁ) |:4M22A42

1 2 Mm? M2
~ M, — o ( 919 smﬁcosﬁ) <1 _W) <1 +M2> . (F4)

Using the GET we would obtain the same results in the high-energy limit for F)?li_v?(l)wi
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