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The cosmological evolution can modify the dark matter (DM) properties in the early Universe to
be vastly different from the properties today. Therefore, the relation between the relic abundance and
the DM constraints today needs to be revisited. We propose novel transient annihilations of DM that helps
to alleviate the pressure from DM null detection results. As a concrete example, we consider the vector
portal DM and focus on the mass evolution of the dark photon. When the Universe cools down, the gauge
boson mass can increase monotonically and go across several important thresholds, opening new transient
annihilation channels in the early Universe. Those channels are either forbidden or weakened at the late
Universe, which helps to evade the indirect searches. In particular, the transient resonant channel can
survive direct detection (DD) without tuning the DM to be half of the dark photon mass and can be
soon tested by future DD or collider experiments. A feature of the scenario is the existence of a light

dark scalar.

DOI: 10.1103/PhysRevD.105.055009

I. INTRODUCTION

The weakly interacting massive particle (WIMP) para-
digm provides an elegant explanation to dark matter (DM)
via the freeze-out mechanism. It suggests that the DM
particle has weak scale couplings to the Standard Model
(SM) particles. This implies sizable scattering rates
between local DM and nucleons [1-4], residual DM
annihilation today in galaxies [5-9], and DM production
at colliders [10-13]. However, the null results from the
above experiments cast doubt on the WIMP paradigm.

One of the most common benchmark WIMP model is the
vector portal DM, in which the DM fermion y interacts
with the SM particles through kinetic mixing of the U(1),
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dark photon A’ and SM photon [14]. The ratio ry = my /m,,
classifies the parameter space into different regions. For
ro < 1, the classic secluded annihilation to dark photon
pair is kinematically allowed [15]. For 1 < ry < 2, there are
new channels allowing secluded annihilations [16-20]. For
ro > 2, the DM pair will annihilate into SM particles through
s-channel A’ mediation; thus, there is a direct connection
between the relic abundance and nucleon scattering cross
section. For DM mass > 10 GeV, most of the parameter
space is already ruled out by direct detection (DD). The
exception being the cases of ry ~ 2 (the fine-tuned s-channel
resonant region) or inelastic DM (with small mass splitting)
[21-29]. Light DM can avoid DD, but is still subject to
constraints from cosmic microwave background (CMB)
measurements [21,30] and the intensity frontier experiments
[24,25]. Therefore, the vector portal DM model is severely
constrained by the experiments.

In this paper, we point out that the DM evolution can be
deeply affected by the thermal history of the Universe;
hence, the above constraints cannot be trivially applied.
More specifically, the U(1), is restored when the cosmic
temperature is very high. If the U(1),, breaking is through a
second-order phase transition, then, as the Universe cools
down, the A’ mass will scan from zero to today’s zero-
temperature value. For ry > 2, such a “mass scanning” will
open transient secluded annihilations and s-channel reso-
nant annihilation, which help evade current DD, indirect
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detection, and collider searches. This scenario is testable by
near future DM experiments and can serve as a viable
variant of the WIMP model.

There have been prior studies on the effects cosmologi-
cal evolution have on DM or scalar mediator mass, stability,
interaction couplings, and annihilation channels [31-47].
In our scenario, we for the first time focus on the vector
mediator whose mass is significantly affected during the
freeze-out. The DM mass and its couplings are not affected
at the freeze-out temperature. Moreover, the Higgs boson
responsible for the U(1), breaking has to be much lighter
than A’, a feature of this scenario.

II. MODEL

The vector portal DM model has the following
Lagrangian:

1
'Cd = l/_/(ll) - my/)l// - ZF//H/F/”D + €€A;¢ng, (1)

where D,= 8” —iggzA’, and JE is the SM electromagnetic
current. The coupling between J&, and A’ comes from
the kinetic mixing with the photon field strength. The
U(1), is spontaneously broken by a complex scalar
® = (¢ + in)/\/2 with the potential

V(®) = pg|®* + 44| @[*. (2)

Provided that /431 < 0, the scalar field obtains a vacuum

expectation value (VEV) (¢) =v,=/—u3/2; and

hence, A’ acquires a mass my = g,v,. The real part of
the scalar ¢ also obtains a mass m,; = /21,04

The scalar potential in Eq. (2) receives corrections in
the early Universe. For example, if there is a light
scalar S coupling to @ via 4,5|®|*S?, a thermal mass term
ApsT?*@*/12 can be induced. Another possible correction
comes from the gravitational coupling ~)§¢R|CI>|2 /2, where R
is the Ricci curvature scalar. As R/H?> ~1072-107! at
temperature between 100 MeV and 10 GeV (with H
being the Hubble constant) [45,48,49], the portal coupling
provides a T* correction to the scalar mass term. Moreover,
corrections like m,H®?> or H?>®? can also arise from
the flat directions in supersymmetric models [50,51].
In general, the potential in the early Universe can be
written as

wa(T) = uio + cyT", (3)
where the dimension of the coefficient ¢, is [Energy>=")]

with n =2 or 4. The scalar VEV varies with the
temperature as

0 T>T,
ﬁﬂ—{ T (4)

U‘Zi’o—cd)Tn//ld T < T(/)’

where T = (1403,/cy)"/" is a temperature at which the
second-order phase transition for U(1), breaking starts.
The evolution of m, can be derived immediately, i.e.,

0 T>T(/),

m?,(T) = { ,
A mi o = Kmi(mlw)” T<Ty

(5)

where my o = g,4v40 is the mass at zero temperature and
Kk =my2c,g5/4q is a model-dependent dimensionless
constant. Later, we will see that « is required to be large.

The mass of ¢ is also temperature dependent,

nﬂn_{%ﬁfﬂ" r>Ty
/ mi (T) x (2mi2cy/x) T <T,

—~
(@)
~—

Since « is large, a scalar ¢» much lighter than A’ is a feature
of our model. More specifically, for n =2, we are
interested in x ~ 10* with cy~1 /12, and hence, the mass
of ¢ is sub-GeV. To avoid constraints from cosmological
observations, a small Higgs portal coupling 4,4 H|*|®[*
is assumed to allow ¢ to decay to a pair of SM light
fermions before big bang nucleosynthesis. For n = 4, since
¢y~ 1/my, with my = 1.22 x 10" GeV being the Planck
scale, a very small ; ~ 107°% is required for T, ~ 1 GeV.
Hence, an extremely light ¢ with m,~O(107'0 eV)
exists. Because of its tiny mass, its decay to diphoton
via SM Higgs mixing is too slow compared with the
Hubble timescale, therefore making it a stable particle.
Such ultralight ¢ can exist as dark radiation, leaving
impacts on the cosmic large scale structure of the
Universe [52]. The smallness of 1; or, in other words,
the flatness of the potential Eq. (2) can be achieved by
embedding the model into either a spontaneously broken
global symmetry with @ as the pseudo-Nambu-Goldstone
boson or a supersymmetric model with @ as the moduli
field. Although Eq. (3) seems to be a simplified model, it
can be treated as the prototype of a general continuous
phase transition in the sense of Taylor expansion around the
critical temperatures in Eq. (8). Therefore, the methodology
can apply to the general case for a more complicated
potential as described in the Appendix A. In addition, the
reason the n = 2 case can be a good approximation for
the one-loop finite-temperature potential, including the
Coleman-Weinberg potential and the thermal corrections,
is given in Appendix B.

In summary, the cosmological evolution effects on A’ is
fully encoded in the constant k. This serves as an extra free
parameter compared to the zero-temperature model.
Therefore, there are five input parameters in total,
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{ml//’mA',O’ Y9a- €, K}- (7)

For convenience, we drop the (7)) for the explicit tem-
perature dependence thereafter, e.g., m, always implies
my (T). The subscript “0” denotes the zero-temperature
values.

III. TRANSIENT ANNIHILATIONS

For ry = my o/m,, > 2, as the temperature drops, m,
will inevitably go across several thresholds:

Transient secluded: (A’A’)
(A'9)

Transient resonant: (ff)

my = mv,,

my = 2ml,, —my,

my = 2m,,. (8)

Crossing the first two thresholds opens up new transient
annihilation channels py — A’A’ and py — A’¢p. These
are secluded annihilation and thus can evade the DD limits
and the collider constraints. The last crossover enables a
transient s-channel resonance Yy — A’ — ff, which
greatly enhances the annihilation cross section. Defining
x = m,, /T, we denote those temperatures as x,/4', X4/, and
Xpes» TESpectively. If they happen to be around the freeze-out
temperature xg, ~ 23, the relic abundance calculation has to
incorporate those transient annihilations. It generally
requires a large x

K 2 xjy (15 — a), ©)

with a = 1 (4) for A’A’ (ff) final states, respectively.
The relevant annihilation cross sections are

4
d__(1 - 2)¥2(1 = 2/2)72, (10)

1 6ﬂm3,

(ovan)
g4(=2(¢* = 20) + (¢> = 4)* + 1)
256mmy, (r* — 4)?

X \/q4 =2¢*(r* +4) + (r = 4)%,
gf, M+ 40P + 16

T 256zm, |41

gie*e? s +2m}
67 (s—m3)* +mil3’

(ovpp) R OVyy =

+0(g%), (11)

(12)

<60]f> =

where r = my /m,, and g = m,/m,, are small parameters,
s is the total energy square in the center of mass frame, and
Iy is the decay width for A’, which is also temperature
dependent.

For the “transient secluded” channels (A’A’ and A’¢), we
approximate their thermally averaged values as the s-wave
part of their cross section. The cosmological evolution

effects on my is not affected by this approximation, as the
thermal average is taken over the DM velocity distribution.

For (6v414), the above equation is obtained by expanding
over small m, and is used in the analytic relic abundance
calculation. Since the cross section is s-wave dominant, we
use the approximation (ov,,) & 60,44, Where the latter is
the cross section without thermal averaging. In the analytic
calculation for DM yield, we have used the simpler form in
the second line; whereas in the numeric calculation, we
have used the expression in the first line. This channel has
an accidental resonant enhancement due to small m, but
never hits the resonant peak. This occurs near x4/4, When
the factor |4 — r?|~! becomes m,/(4m,) at the leading
order. Because of this enhancement, the annihilation
channel A’¢ dominates over A’A’” most of the time.

For the “transient resonant” channel (ff), one generally
performs the thermal average numerically. However, to
understand the transient resonant annihilation better, we
simplify its expression for the analytic relic abundance
calculation. For narrow width resonances, the resonance
peak of Eq. (12) can be approximated by a é function. This
leads to the following expression for the thermally averaged
cross section:

res Fe?e?(2+ r?)x

e r(r? — 4)xe~(=2)x, 13
I7 48y 2mmy, Uy ( ) (13)

{ov)

This is valid for x > x,., = (k/(r3 —4))"/" with resonance
at my|, = 2m,,. The width of A’ can be approximated as

|xre>

NmA/ ) 5 4 2
FA/NE[e e l’ldof—f—gd“l—p(l-f—p s (14)

where ngos =), Q?Nj; = 20/3 with charge Q; and color
factor N%, summed over SM fermions lighter than the top

quark. We neglect the SM fermion masses to further
simplify the decay width. In the small g, regime,
gq < \/ngor€e, the decay width is dominated by the SM
contribution and the cross section (av);f; will be propor-
tional to ¢2. Whereas if g, 2 \/fgree, the width is con-
trolled by the invisible decay to y and the cross section
(o) will be proportional to €%e?. Therefore, small g, is
more interesting for transient resonant annihilation.

The cross section <m/>}ej§ has an exponential penalty

factor from Boltzmann suppression but is unsuppressed
near the resonance. The cross section can be greatly
simplified by taking x = x,; + Ax and expanding to
leading order in Ax <« 1. An important step is keeping
the exponential term; otherwise, the Boltzmann suppres-
sion vanishes. In this limit, we have
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FIG. 1. The {(ov) from analytic and numeric calculations for (left) A’A’ and A’¢ and for (right) resonant ff, with n = 2. The
benchmark filled triangle has a large g, and works for transient secluded annihilation, while filled star has a small g, and is for transient

secluded annihilation. Right, Inset: Near the threshold x,.

2
Sl R 1 )

4m$,
2 oAy
XKl/H(]_M 3_4)%',<2—n‘>, (15)
4ngoe€e-e

where the expansion of small Ax also implicitly requires
small g, i.e., g; < \/Ngor€e, because, in the last term, if

GV nAx 2 ngpe?e? it will be invalid and return a negative
result. At leading order, we see the cross section increases
with k=17 2.

We compare our analytic calculations with the numeric
integration in Fig. 1. In the left panel of Fig. 1, we show the
analytic results agree with the numeric calculation for both
transient secluded channels. For A’A’, at small x the A’ is
massless, thus the cross section is flat. Near the threshold
Xy (i€., my = m,) both results drop, but for different
reasons. The analytic result decreases due to phase space,
while numeric results also incorporate Boltzmann suppres-
sion beyond the threshold. For A’¢, the analytic result
becomes zero at threshold x4, while the numeric result has
a Boltzmann tail from thermal averaging. For x < x4/4, the
A’A’ channel contribution dominates, while for x > x 44/,
the accidental resonant A’¢p channel takes over. Both
channels together provide the right relic abundance for
the benchmark filled triangle.

In the right panel of Fig. 1, we check the calculation for
the ff resonant channel. We plot the analytic result in
Eq. (15) and label it as “Analytic[Ax]” (dashed maroon
line) in the right panel of Fig. 1, which is a simplified form
after Ax expansion. The analytic result without the expan-
sion in Eq. (13) is labeled as “Analytic[6]” (dotted blue
line). It is clear that the §-function approximation for the
resonance peak is quite successful compared with the
numeric result in the red solid line. The simple analytic
expression in Eq. (15) deviates from the other two at large

Ax, but such simplification is necessary for the analytic
relic abundance calculation. Near the resonance, the three
results agree quite well with each other. Because the
integration of (ov) over x returns similar results, the simple
expression can lead to a good match for relic abundance
with the other two calculations.

IV. RELIC ABUNDANCE

The DM relic abundance can be obtained by solving
the Boltzmann equation. Using the DM yield Y = n, /s,
with s being the entropy density, one can reformulate the
equation as

dy TG, Mpiimy,
[ * Y2 _ Y2
dx 45  x? {ov)( eq)’

(16)

where g, is the number of effective degrees of freedom and
Yeq is the yield at equilibrium. The thermally averaged
cross section (ov) includes all DM annihilation channels.
The DM relic abundance can be computed numerically,
noting that m, and my will change with x.

A more strict treatment of the freeze-out in the narrow
resonance case and forbidden annihilation can be found in
Ref. [53], where a technique is developed for solving the
full Boltzmann equations when the DM particles are not in
kinetic equilibrium with the SM particles. The full treat-
ment will not change our qualitative picture here, but
quantitatively yield an O(1) correction to the relic abun-
dance for two reasons. First, in the transient resonant case,
we are interested in DM mass much heavier than the SM
fermions (r = m;/m,, <1, except the top quark), thus the
influence from the full Boltzmann equation approach is
mild (see Fig. 2 of Ref. [53]). Second, for 4m)2( < mi,
(4m)2( > mi,) regions, the relic abundance in full approach
is larger (smaller) compared to the standard approach.
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Since in our scenario, the mass mys is changing with
temperature and will go through both two regions.
Therefore, after integrating over the m, scanning range,
the corrections from two different regions tend to cancel
each other. As a result, the full approach should only
provide a small correction to our result.

Furthermore, the relic abundance can be computed
analytically as

_ o g, Mpm
;Hu:mz/zm/ M oy, (17)
oo 45 X2

where we have used the approximations that when freeze-
out starts, ¥ > Y., and Y(xg,) > Y(x = c0) =Y,

Fap(x,ro,k) = { rg—2 <2(r(2) - 2)arctanh[ 1-

Therefore, the annihilation contribution from A’A’ can be
obtained by plugging in Eq. (10),
1/2

4

— gdg* mpl XAl A!

Y7L, =2 P F.(x, gk . 18
AN 48v/5m,, wa (oo )| (18)

Similarly, we obtain the yield inverse Y/},lqs using the
simplified thermally averaged cross section in Eq. (11),

4

_ s Gallpl Xalg

Y;l = ]2 Fay(x. 70, . 19
A9~ \/52768m, w70, K) (19)

Xfo

The indefinite integration functions Fu 4 and F . are

K

(15 - 1>x2] V= (- 1>x2>>

k—(r5—2)x?

192
FA’(/)(x» 1o, K)

—(3rj = 5) arctan l\/(ro —2)(x —K(”o — )| } x \/z?(r[-‘;_f 2 (20)
:marctanh<%x> +r%4;44_$, (21)

for n = 2, where we have assumed gi/ % to be a constant. At
the threshold x4/ 4 (i.e., r = 1), the function F' 4, becomes
zero because the corresponding annihilation cross section is
proportional to high power in 1 — r. For the A’¢ channel,
the function F4 at threshold is nonzero.

For the resonant channel ff, using the resonant cross
section Eq. (15), one can obtain

3 2
_ |7 G GqMpl ln _
Yreiz 5 nmp (r(2)_4) wkn

W
20,2 _ 4\1/(2n)
y (1 _3gi§£o 4)2 . K—l/(2n)>' (22)
TNgof€-€

At leading order, the DM relic abundance is proportional to
g7*x"/", which mildly depends on parameter x. Together
with the lower bound on x in Eq. (9), the model does not
need fine-tuning compared with the normal resonant
model. For different n, one can choose a x to get the same
relic abundance. For example, when switching from n = 2
to n =4, one can rescale xk — x>/(16(rj — 4)) to obtain
similar Y ..

Now we show the numerical results. In Fig. 2, we show
the required g, to obtain the correct relic abundance for
each individual annihilation channel A’A’, A’¢, and f f with
n = 2. The dashed and solid lines are from analytic and
numeric calculations for Y~!, respectively. They are in good
agreement with each other. We see that the required g, for

|
ff is much smaller than A’A’ and A’¢. This is because
the s-channel resonant enhancement Y;.! is proportional
to g% By contrast, for A’A’ and A’¢, their Y~! are both

10—1 L

& 1072

1073

! — — Analytic (ma0=3 my)
b ‘ o Nur"neric (Ma0=3 my)

1 10" 102 108

107
my[GeV]

FIG. 2. g; as a function of m, for transient annihilation
channels A’A’, A’¢, and ff, which provides the right relic
abundance for n = 2. The dashed and solid lines are analytic
and numeric calculations, respectively. The discrepancies be-
tween analytic and numeric results for m,, < 10 GeV comes from
the temperature dependence of g,, which is ignored in the
analytic calculation. We also compare them with a set of zero-
temperature examples (dotted lines) described in the text. The
benchmark filled triangle has included the contribution from both
A’A" and A'¢p and will be described in Fig. 3.
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proportional to g‘é and do not depend on €. The required g,
for A’¢ is smaller than A’A’ due to the accidental resonant
enhancement factor m,, /mj > 1.

In Fig. 2, we also compare our transient results with zero-
temperature examples labeled as 7 = 0 and drawn with
thin dotted lines. For A’A’ and A’¢ channels, we force A’
and ¢ to be massless. Unsurprisingly, the required g, is
smaller for T = 0 compared with transient annihilation for
the A’A’ channel. However, for A'¢, the required g,
increased for 7' = 0O since there is no accidental resonant
enhancement. For the ff channel, it does not need a long
resonant period compared with the normal resonant anni-
hilation, which fine-tuned to my o = 2m,, due to slightly
larger g,. This relation can be understood from the relic
abundance in Eq. (17), which is proportional to g;zkl/ ",
Therefore, a larger g; can compensate the shorter resonant
period, which originated from the lower bound of «.

1072 —
Transient secluded
L Ye/q
v
107E
_10%
2 i
S .
107°F @/nﬁ
d <
ool A =20 GeV, marg=60 GeV, \“
n=2, e=0, g4=6.8x107%, Vk = 100‘
2 _
sl Qoub’® =0.12 . \
1 10’ 102
x
1072 — .
Transient resonant ! Xres
E qu
v :
107F ~ E
With CE. effects !
107 . Without C.E/effects {
N 3 \
>~ \
108k '\
L \\
ool *Mw=20 GeV, maro=60 GeV, 5
n=2, e=1.8x107%, gg=3ee, Vk = 100‘
102 Qpyh? =0.12 . N
1 10 102
x
FIG. 3. The DM yield Y as a function of x for all the transient

annihilation channels A’A’, A’¢, and ff included. Two bench-
marks with (upper) large (filled triangle) and (lower) small
(filled star) g, are shown for n = 2. Lower: the Y’s with and
without cosmological evolution (C.E.) effects are both shown for
comparison.

In Fig. 3, we plot Y as a function of x and show the
evolution with all annihilation channels included. For the
upper panel, it shows that the contribution from transient
secluded annihilation A’A” and A’¢ dominates with large g,
and can lead to the correct relic abundance. For the lower
panel, the transient resonant annihilation ff domi-
nates with small g;. We show the two benchmarks with
(without) cosmological evolution effects using /k = 100
(0). Without evolution effects, the transient secluded
channels are kinematically forbidden.

V. CONSTRAINTS

For transient secluded annihilations A’A” and A’¢, the
collider and DD bounds can be easily evaded by choosing a
tiny e. However, it does not work for the transient resonant
annihilation ff. This is because its annihilation cross
section will be proportional to €*> in the small e limit,
making the cross section not large enough to provide the
right relic abundance. Therefore, we choose a moderate ¢
satisfying g, < \/nqorce. Hence, the annihilation cross
section is still proportional to 931- We consider the con-
straints from DD bounds [3,4] and dilepton and mono-
photon searches at colliders [54-59]. Since the transient
annihilations are either forbidden or weakened in the late
Universe, the indirect detection does not constrain the
scenario, in general. For example, the transient resonant
benchmark has an annihilation cross section of about
10734 cm? /s at the CMB era, which is much smaller than
the CMB and indirect search bounds.

The nucleon scattering cross section is given as

22,2 2
s1_ € €Gq Hyp
Op = A

T mA/,O

(23)
with reduced mass u,, = m,m,/(m, +m,). Since the
resonant cross section is proportional to gie’e®/(g3 +
ngore’e?) and the nucleon scattering cross section is
proportional to gZe’e?, there is an optimal point around
ga ® \/Ngoree yielding a small DD signal for a given DM
relic abundance. We choose this point as our benchmark
filled star in Fig. 3.

In Fig. 4, we show the DD and collider constraints for
transient resonant annihilation and compare them with
the relic abundance requirement. The only free para-
meters are € and m,,. The others are fixed by the relations
my o = 3my,, g, =3ee, and \/k =100 for n =2. The
signal shown in red becomes flat for m, > 10 GeV
because the relic abundance requires gtzi / mf, to be roughly
constant, while og; is proportional to gjj/my, in this setup.

We can see that the transient resonant annihilation helps
to evade the current DD limits from XENONIT and
PandaX-4T even for m, # my (/2. Moreover, it is well
within the reach of future experiments and can be soon
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ATLAS (I"I")

CMS (I"I")

Transient resonant: n=2, gq= 3ee, ma p=3 my, \/? =100
10" 10? 10°
my[GeV]

FIG. 4. The constraints for transient s-channel resonance model
from DD [3,4] and dilepton searches at LHC [57-60]. We choose
optimal g; = 3ee to evade the existing limits and fix the mass
ratio my o = 3m,, and \/k = 100. The benchmark filled star of

Fig. 3 is also displayed.

tested before reaching the neutrino floor. The dilepton
searches from LHCb [57], CMS [58,60], and ATLAS [59]
are most relevant and stringent, even with significant
invisible decay branching ratio A" — . The ATLAS
and CMS results leave two windows for DM mass within
10-100 GeVand 1 TeV. Besides the benchmark, taking a
smaller g,/ (ee) ratio will not help. With the required g,
from the relic abundance, € is not small enough to evade
DD and dilepton searches. On the other hand, choosing a
large g,/ (ee) ratio does not work either. The required g, for
the relic abundance increases significantly; thus, € is still
too large. Taking a smaller mass ratio ry — 2 will definitely
help, as shown in the 7 =0 example in Fig. 2. This
significantly decreases g,, thus alleviating the tension from
€. Therefore, the parameter space for the transient resonant
annihilation is pretty restricted and future collider and DD
searches can soon fully test it.

VI. CONCLUSION

We studied the effects of cosmological evolution on DM
annihilation in the early Universe, especially for the gauge
boson mediator. They can open new transient secluded and
resonant annihilation channels that change the experimen-
tal constraints on the model parameter space. We have
obtained the analytic forms of the relic abundance for each
transient annihilation and they are in good agreement with
full numeric calculations. We choose r, > 2 as an example
for all three channels. The transient secluded annihilations
become fully secluded, with no DD and collider signal and
even negligible indirect detection signal. The transient
resonant annihilation is a viable and promising WIMP
variant. It can evade the current DD and dilepton searches
and can be fully tested by experiments in the near future.

There are two windows opening for DM mass within 10—
100 GeV and around 1 TeV. If ry, — 2, there is more
parameter space open for transient resonant annihilation.
For 1 < ry < 2, the transient annihilations are still viable
and important. The dark Higgs has to be much lighter than
the gauge boson, which is a feature of the transient
annihilation scenario.
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APPENDIX A: THE GENERAL PHASE
TRANSITION

We briefly comment on the case of a general second-
order phase transition (or crossover) whose temperature
dependence of m, is not in the simple 7" form. In that case,
our treatment in the main text still provides a generic
methodology to deal with the transient scenarios. Taking
the transient resonant channel as an example, the local
properties of A’ smoothly crossing the critical point, i.e.,
my (Tyes) = 2my,, is sufficient for the transient resonant
calculation; it is not necessary to know the global picture of
function my/ (T).

The reason behind this argument is that the main
transient resonant effect only lasts a very short time
(x € [44.6,45.6]), as shown in Figs. 1 and 3. Therefore,
it is always viable to make a Taylor expansion at the
resonant temperature 7T, simplifying the my (7T) to a
polynomial function of 7,

mi’(T) = mi'(Tres) + ch(T - Tres)n7

n=1

(A1)

where the resonant temperature 7, and polynomial
coefficients ¢, need to be determined. Since the resonant
time period is short, a finite 7 is enough to describe A’ mass,
e.g., n = 2. Equation (A1) can be rewritten to

W) = g+ ST (A2)
n=1

which can make use of the knowledge of the known zero-
temperature mass for A’. The coefficients f, should be
given by the phase transition around the resonance, but the
global information of the phase transition is not necessary
for the transient resonance calculation. Then, the sub-
sequent calculation on relic abundance can be performed
in a way very similar to that in our paper.
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In Egs. (5) and (22), we have calculated the transient
effect for each single 7" term with arbitrary n. As shown in
the discussion below Eq. (22), different n does not change
the qualitative feature of the mechanism, but just affects the
choice of x. Therefore, the methodology presented in our
paper works for the generic case.

APPENDIX B: THERMAL CORRECTIONS TO
THE POTENTIAL

We show a more detailed treatment for the thermal
potential of ¢. The one-loop level thermal potential con-
sists of the zero-temperature Coleman-Weinberg (CW)
potential and the thermal integrals. The CW potential is

n,~M‘,.1 M?
64][(;/’) (1 (2(/’) _ Ci)a

where Q is the renormalization scale, n; is degrees of
freedom of the ith field, and ¢; = 3/2 (for scalar bosons
and fermions) and 5/6 (for gauge bosons). The thermal
integrals are dominated by the light degrees of freedom,
thus we can use the high temperature approximation.
Combining the leading terms in the expansion and the
CW potential together, we get

given by the logarithmic terms, >,

. ﬂ?z,o +Cy T

A
V(. T) ===+

M) (T
> ’1647;(2 ><lnagz _Ci>

bosons

+ > ”fﬁ?(f) (lnaFTz—c,)—l—...’ (A3)

2
fermions z Q

where

logag = 2logdn —2yp +3/2,
logap =2logn — 2y + 3/2,

and yg is the Euler constant. We can see the CW part
contributes to the scalar potential as a quartic coupling with
weak (logarithmic) dependence on the temperature. Since
the transient annihilations happen in a very short time
period, as shown in Fig. 2, the logarithmic part can be
approximated as a constant and absorbed into the definition
of 1. Therefore, the thermal potential can be written in the
form of Eq. (3).
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