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We consider low-scale leptogenesis via right-handed neutrinos N coupled to a Z’ boson, with gauged
U(1)y_, as a simple realization. Keeping the neutrinos sufficiently out of equilibrium puts strong bounds
on the Z’ coupling strength and mass, our focus being on light Z" and N, testable in the near future by SHiP,
HPS, Belle II, and at the LHC. We show that leptogenesis could be robustly falsified in a large region of
parameter space by the double observation of Z’ and N, e.g. in the channel pp — Z' — NN with displaced
N-decay vertex, and by several experiments searching for light Z’, according to the mass of N.
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I. INTRODUCTION

Right-handed neutrinos Ny are a popular minimal
extension of the Standard Model (SM) that can generate
neutrino masses, the baryon asymmetry of the Universe,
and even dark matter [1]. While neutrino masses via the
seesaw mechanism [2] and baryogenesis via leptogenesis
[3] are typically assumed to arise from right-handed
neutrino masses above 10® GeV [4,5], low-scale realiza-
tions such as resonant leptogenesis [6—8] exist and provide
experimental testability. It was recently shown in Ref. [9]
that an absolute lower bound M, > 2 GeV exists, assum-
ing a thermal population of Ny, in the early Universe, while
a nonthermal population can lead to successful leptogenesis
even for lower M.

If the right-handed neutrinos Ny are part of a more
complete model, they are often endowed with additional
interactions, potentially threatening the generation of a
lepton asymmetry (for example Sakharov’s out-of-equilib-
rium condition). A prime example here are left-right
symmetric models based on the gauge group SU(2), x
SU(2)g x U(1)p_, [10,11], which couple the N to a new
charged gauge boson Wj. Successful leptogenesis then
requires My, > 10 TeV; otherwise the gauge interactions
with strength gr = g; = e/ sin 0y, heavily dilute the asym-
metry [12—14]. Interactions via a neutral gauge boson Z’
are typically considered less dangerous because all such
processes require two Np instead of just one [13,15]. A
well-motivated simple model for interactions of this sort
can be obtained by promoting the anomaly-free global
symmetry U(1),_, of the SM to a gauge symmetry, which
actually requires three right-handed neutrinos for consis-
tency. Previous work on leptogenesis in a U(1),_, context
has been performed in Refs. [13,16-19].

In this article we (re)evaluate the constraints on
the U(1),_, parameter space coming from successful
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leptogenesis and focus in particular on the case of light
Ny and Z’, potentially testable and falsifiable in the future.

II. FRAMEWORK

We consider the simplest SM extension that has a Z’
boson coupled to (three) right-handed neutrinos Ny, based
on the anomaly-free gauge group U(1) B_L.l To provide
Majorana masses to Ny we add one SM-singlet complex
scalar ® with B — L charge +2:

~ w2 2
L =iNgPNg + |D,®|* - Ag <7 - |<1>|2>

suppressing flavor indices. Without loss of generality we can
assume Ay to be diagonal with positive entries. In unitary
gauge, ® = (w + §)//2, one physical scalar S with mass
Mg = \/2Agw remains, while the vacuum expectation value
(VEV) w induces a Z' mass M, = 2¢'w and a mass matrix
My =+2Ayw for the sterile Majorana neutrinos
N = Ny + N§. After electroweak symmetry breaking the
right-handed neutrinos mix with the left-handed ones and
provide light neutrino masses in the standard way.2 Note that
we further ignore mixing of § with the SM Brout-Englert-
Higgs boson as well as kinetic mixing of the Z’, which is a
conservative choice.

'Other realizations of the relevant coupling Z;Ny”ySN can be
found for example in left-right models with My, > M, or in
models with gauged U(1), and would not change our conclu-
sions much.

Active-sterile neutrino mixing € will lead to interaction terms
Z'Nv that are linear in N and thus potentially more dangerous for
leptogenesis in direct analogy to the W} scenario. Since these
couplings are however suppressed by ¢@ they turn out to be
subleading.
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III. LEPTOGENESIS

A. Boltzmann equations

Assuming a Universe that started with total B — L charge
zero—possibly after an inflationary period—a nonzero
baryon asymmetry can be dynamically generated at temper-
atures below the B — L thermal phase transition, which
typically occurs at a temperature of the order of the B — L
breaking VEV w,” and above the sphaleron decoupling
temperature Ty, = 131.7 GeV [21]. An (unflavored) B—L
asymmetry requires not only w # 0, but also y # 0 # Ay,
CP-violating phases in y, as well as out-of-equilibrium
dynamics for N. While these conditions are most com-
monly satisfied by considering a slow decay N - LH
compared to the expanding Universe, they can also be
satisfied via the decay H — LN [9] thanks to thermal
effects, making it possible to consider N masses as low as
2 GeV. Our analysis follows Ref. [9], but includes the new
interactions involving Z’ and S,

NN < 7" < ff, NN < 7'7'.7'S,8S, (2)
which potentially keep N in thermal equilibrium with the
SM and hence dilute the resulting lepton asymmetry. We
collect the cross sections in the Appendix. Since both Z’
and § are in thermal equilibrium with the SM in the regime
considered in this work, we only have to consider the
Boltzmann equations for the N number density n, and the
total lepton asymmetry n;, given respectively by

n,Hyd N 2
[ L,
U

z dz

"y
- <Tq - 1) lyp +2(7us +7as)

N
+4(rm +7ad)]s (3)
: dz YD ’15\? cP 3 nL

4 Y
3 2(ru 1) +—eg (Yus +7as) |, (4)
NN

where n, =n,/n,, z=My/T, and Hy is the Hubble rate
at T = M. Here, yp, is the reaction density for the decays
N < LH, H <> NL, including thermal corrections, whose
expression can be found in Ref. [9]; yyy denotes collec-
tively the one for the processes NN < ff, Z'Z', Z'S, SS,
which can be calculated from the cross sections given in the
Appendix, the factor of 2 in (3) being due to the fact that
two right-handed neutrinos are involved in the process;
finally, the remaining reaction densities for AL =1

*In the presence of additional scalar fields the critical temper-
ature can be much larger than the VEV; see e.g. Ref. [20].
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scatterings can be found in Ref. [22]. We start the evolution
from a zero lepton asymmetry and N at equilibrium, since
for the values of ¢ considered in this work it is safe to
assume that equilibration has occurred, possibly above the
B — L phase transition. In Eq. (4), ecp(z) denotes the CP
asymmetry, which we will assume to take a constant value €
(e.g. its maximal value ¢ = 1), when either of the
CP-violating processes N <> LH, H <> NL is kinemati-
cally allowed, after taking into account thermal effects [9],
and zero otherwise. However, notice that for low M in the
GeV range, thermal effects imply that maximal values for
the asymmetry ecp ~ 1 cannot be realized [9], and hence
the bounds given below should be seen as very conservative
in this regime.

Notice that the interactions beyond the minimal seesaw
model, i.e. the ones involving Z’ and S, do not enter the
equation for the asymmetry (4) at this order and therefore
cannot wash out the asymmetry. However, they have a
major role in keeping N close to equilibrium [see (3)], and
therefore can heavily dilute the generated asymmetry.

The Boltzmann equations (3) and (4) do not take into
account flavor effects in the charged-lepton sector.
However, these are not expected to have a major impact
on the results [9], since here leptogenesis typically occurs
in the strong-washout regime m = v?(yy")/My > 2 meV.
Quantum coherences in the charged-lepton sector can
change significantly the lepton asymmetry for My ~
200 GeV [14] if the Yukawa couplings are very large,
namely y ~ 1073, which can be realized naturally in models
with additional symmetries. However, since the asymmetry
typically will be maximal for lower values of y, we may
safely neglect this effect. We have also conservatively
neglected the effect of tracking the evolution of the
different N’s, since this can only slightly increase the
washout of the asymmetry [13], unless one is interested in
very large values of y in models with additional leptonic
symmetries. Again, as discussed above, we have safely
neglected this. Finally, quantum coherences in the heavy-
neutrino sector can give an additional O(1) contribution to
the asymmetry [14,23], but this effect will not have a
significant impact on the results below and thus it has been
neglected, for simplicity, in Egs. (3) and (4).

For My in the GeV range, in addition to thermal
leptogenesis via N and H decay, as described by (3) and
(4), an asymmetry can be generated via the Akhmedov-
Rubakov-Smirnov (ARS) mechanism [1,24,25]. However,
this effect will be highly suppressed by the fact that the
evolution starts from a state of thermal equilibrium, as
discussed above. Moreover, since the bounds below will be
basically due to the equilibration of N due to gauge
interactions, which occurs also for the ARS mechanism
for the same values of ¢/, the inclusion of this mechanism
(for which it is difficult to perform general analyses; see
e.g. Refs. [26-28]) would not significantly change our
results.
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FIG. 1. The deviation of the N number density from equilib-

rium in the presence (continuous line) or absence (dashed line) of
gauge interactions. For illustrative purposes, we have chosen
My =10 TeV, M, =5 TeV, Mg =30 TeV, and m = 1 eV.

In Fig. 1 we show the evolution of the N number density
as a function of the temperature, for a typical choice of the
model parameters, in the presence or absence of gauge
interactions. Although in low-scale leptogenesis the right-
handed neutrino number density typically does not depart
much from thermal equilibrium, the presence of gauge
interactions can suppress further the departure from equi-
librium by many orders of magnitude (until their decou-
pling), thus diluting strongly the asymmetry, as explained
above.

In Fig. 2 we show an example for the required CP
asymmetry ¢ for a given set of parameters as a function
of m. Clearly visible are the dips at the resonances
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FIG. 2. Contours of log;ye needed for successful leptogenesis
for M, =5 TeV, Mg =30TeV, and ¢ = 0.2. Perturbative
unitarity excludes the region M, > 44 TeV.
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FIG. 3. Upper limit on ¢/ /M, = (2w)~! vs M, for decoupled

S, My =1TeV, and € = 1.

My~My/2 and My ~ Mg/2, where the rates NN <
ffand NN <> Z'Z' become resonantly enhanced and make
leptogenesis more difficult, especially in the natural-seesaw
regime m ~ 50 meV. For very large m leptogenesis
becomes difficult because of the strong washout of the
generated asymmetry; for small 772 < 107* eV the gener-
ation of the asymmetry is suppressed by the slow rate of the
CP-violating decays. In the following we will always
maximize the final asymmetry with respect to /m in order
to get conservative limits.

B. Decoupled S

Let us consider the decoupled-scalar limit M g — oo first:
for the extreme case M, > M, only the rate NN < ff is

relevant, which is proportional to w™*. Limits are then cast
on the VEV w as

w/12 TeV > 107Mx/15TeV (5)

for e=1 in the region 200 GeV S My <1 TeV, and
stronger for lower M. If the Z’ is light enough (roughly
2My < M, <3.5M)) the rate NN < ff is resonantly
enhanced (see Fig. 3), which will severely increase the limit
on w. For M, < 2My, this s-channel resonance disap-
pears, and for M, < My the channel NN <> Z'Z’ opens
up.* Since the rate NN <> Z'Z' grows for small M, like
(¢/M,)* due to the dominant emission of the would-be
Goldstone boson,” limits on the B — L parameter space for
M7z < My depend again on the VEV,

“The threshold for NN — Z'Z' is technically not My but
the relevant temperature 7 2 2M, and analogously for the
NN — SS process.

’In the limit ¢ — 0 the U(1),_, becomes a global symmetry
and the longitudinal Z' component Im(®) becomes the (massless)
Majoron, with qualitatively similar impact on leptogenesis
[20,29,30].
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FIG. 4. Upper limit on ¢'/M, vs My for M, = 1 GeV (valid
forany M, < M) and decoupled S for various CP asymmetries.
In the shaded region perturbative unitarity would be violated.

w/5 TeV > 10~Mn/1.5TeV (6)
if we assume a maximal CP asymmetry ¢ =1, up to
the perturbative-unitarity bound My < 1.6 TeV (see dis-
cussion below).

Let us remind the reader that it is difficult to actually
obtain CP asymmetries € of order 1, since this requires two
of the Majorana neutrinos to be highly degenerate in order
to resonantly enhance the asymmetry [6],

(7)

where I'; denotes the decay width of N;. In light of this, let
us discuss the effect of smaller e. As can be seen from
Fig. 4, lower values of ¢ result in stronger limits on w but
are difficult to give in analytic form. In addition, we see the
increasing lower bound on M, [9]. Notice that, as
discussed above, for M, < My the relevant rate depends
on the combination ¢' /M ,; therefore, the results shown in
Fig. 4, although explicitly given for M, = 1 GeV, are of
general validity, as long as Z' is much lighter than N.

MNi —MN], erj/z < MNi.j’

-2.5

log,,9/(Mz/GeV)

10° 10*

My [GeV]

FIG. 5.
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C. The effect of S

The previous results are fairly simple because we
ignored/decoupled the additional new particle, the scalar
S. This is of course a much too simplifying assumption, as
S is required to unitarize e.g. the NN — Z'Z’ cross section.
Differently stated, since the quartic interaction S* has a
coupling constant Ag = M%/2w?, a hierarchy Mg > w
leads to a nonperturbative coupling, outside of our region
of calculability. A similar argument holds for the Yukawa
coupling Ay. We adopt the perturbative-unitarity limits
from Refs. [31,32], which can be cast in the form

MN,S <V dzw  or )’N <V 27[,&5' < 27. (8)
Lowering Mg to perturbative values will typically

strengthen the limits on the B — L parameter space,
because the destructive interference in the NN — Z'Z’ rate
is less relevant than the s-channel S resonance that becomes
readily accessible in the thermal bath. Lowering Mg below
2My turns this resonance off, but opens the channel
NN — SZ' if the Z' is sufficiently light. Finally, for
Mg < My, the channel NN — SS opens up (see also
Ref. [19]).4 All of this is illustrated in Fig. 5. We see that
the bounds on M /¢’ can increase by more than an order of
magnitude compared to the decoupled S. Only for Mg <
20 GeV do the bounds become weaker than those of the
decoupled S case, and only for the similarly small M.
From Figs. 3, 4 and 5 we see that the weakest, most
conservative bound on the B — L parameter space com-
patible with perturbative unitarity arises for the hierarchy
MZ’ s MN < MS and reads
My/g =2w= 1 TeV,

©)

achievable at My ~ 1.6 TeV. For more realistically obtain-
able CP asymmetries ¢ = 1072 (107*), the most conservative
bound can be read off of Fig. 4 as w = 800 GeV (8 TeV). We
stress that these limits increase rather dramatically if the
hierarchies M, < M <« Mg are invalid.
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Upper limit on ¢'/M, vs My, for M = 1 GeV (valid for any M, < My), € = 1, and various S masses. The shaded regions

(left and right) and the dashed parts of the lines (right) correspond to the perturbative-unitarity bounds (8).
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IV. PHENOMENOLOGY
A. Light Z'

Having derived limits on the B — L parameter space from
successful leptogenesis, we can compare to existing bounds
and regions to be probed in the near future, focusing for now
on 10 MeV < M, <10 GeV. We follow Ref. [33] to trans-
late limits from beam-dump experiments [34], BABAR [35],
andv, ,~e” scattering data [36,37] (see Fig. 6). Also shown is
the potential reach of the proposed SHiP experiment [38],
adopted from Refs. [39,40]; of Belle II (for an integrated
luminosity of 50 ab~1) [41,42]; and of the Heavy Photon
Search (HPS) experiment [43], naively converted from limits
on hidden photons. Finally, solar neutrino scattering with
electrons in future second-generation xenon-based dark
matter direct detection experiments such as LZ can further
probe the parameter space with limits up tow =1 TeV (LZ
line in Fig. 6) [44]. Prospects for LHCb sensitivity require a
more careful adaption from the hidden photon case [45,46]
and are beyond the scope of this article.

Notice that the observation of a U(1l)z_, Z' with
M, /qd <7 TeV (much stronger for M, <5 GeV [33])
would already establish that neutrinos cannot be Dirac
particles, because the v; would be thermalized by the Z’
interactions and disturb big bang nucleosynthesis by
contributing to N.g. If neutrinos are Majorana particles,
the same argument requires the sterile Majorana partners N
to be typically heavier than the MeV scale. As shown here,
successful leptogenesis in the presence of such a Z'’
severely increases this lower bound on M.

As shown above, the most conservative leptogenesis
constraint (9) (obtained for e =1, My SMy <K My)

PHYSICAL REVIEW D 94, 095024 (2016)

already implies M, /¢ =2 1 TeV, and is hence stronger
than the neutrino scattering constraints below M, =
0.1 GeV (Fig. 6). For M, > 0.1 GeV, neutrino scattering
limits, among others, are superior to the most conservative
leptogenesis constraint. This is no longer true for realis-
tically achievable CP asymmetries ¢ < 1, which can easily
provide limits even beyond future neutrino-scattering
reach. Since the largest realistic value for & is however
impossible to quantify (or to measure), this is at best a
qualitative constraint on the parameter space. Nevertheless,
even for € = 1 one can obtain strong limits if the hierarchy
My <My < Mg is invalid, which is experimentally test-
able by observing both Z' and N, the scalar S being
practically impossible to observe unless we turn on scalar
mixing. In particular, the requirement of successful lepto-
genesis becomes competitive to constraints from direct
searches for My <« TeV, and it is precisely this region
where one could hope to find N.

Since leptogenesis is infamously hard to verify as a
mechanism, a more relevant alternative question is thus
whether it is falsifiable [13,47,48]. As an optimistic example,
let us assume that a Z’ is found right around the corner of
existing limits at M, =20 MeV with ¢ ~ 2 x 107, which
impliesa VEV w ~ 500 GeV and offers ample opportunity to
study the new particle in different experiments. Successful
leptogenesis can only be obtained for M, 2 1.5 TeV (Fig. 4),
so the observation of a sub-TeV right-handed neutrino would
falsify leptogenesis. Since N masses up to O(100 GeV) can
be probed at FCC-ee, ILC and CEPC [49-51]—depending on
the active-sterile mixing angle—there indeed exists the
possibility to falsify leptogenesis in models where the
right-handed neutrino has additional couplings to a neutral

1073

107

10°F

Mz' [GeV]

FIG. 6. Parameter space of a gauge boson Z’ coupled to B — L. The shaded areas are excluded at 90% C.L., and future reach is shown
in dashed lines; see text for details. The diagonal black and blue lines show the upper bound for successful leptogenesis with CP
asymmetries € = 1 and 1073, respectively, for various N masses. The black line e = I, My = 1.6 TeV corresponds to the most

conservative limit from leptogenesis within the perturbative region.
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gauge boson. Here we are of course glossing over the
intricacies of establishing the true identities of Z’ and N,
i.e. all their relevant couplings.

B. Heavy Z’

Let us discuss a second region of interest, with
Mz > 10 GeV, which in particular opens up the lepto-
genesis region around the Z’ resonance M, ~ 2M y, since
the lower bound on My is around a few GeV [9]. On the
experimental side, there are no B-factory limits for
M, > 10 GeV, so the strongest constraints (and future
prospects [44]) come from neutrino scattering, specifically
CHARM-II [37,52], together with LHC searches [53] (see
also Refs. [54,55] for dilepton bounds); see Fig. 7. As has
been emphasized in Ref. [56] (see also Refs. [18,57]), the
additional gauge interactions of N can severely improve the
discovery prospects of both N and Z’, provided the decay of
N 1is slow enough to lead to displaced vertices. This is
naturally the case if the active-sterile mixing angle 0 fulfills
the naive seesaw relation > ~M,/My, which implies
m ~ 50 meV. The second ingredient for the displaced-
vertex observation of N is the hierarchy M, > 2My,
resulting in a very efficient on-shell production of Z' at
the LHC (or SHiP), followed by Z' — NN. Due to the very
low background, these displaced-vertex searches could in
the future be even more sensitive to a Z’ than the standard
dilepton channel pp — Z' — £¢ [56].

For leptogenesis, the hierarchy M, > 2M,, implies that
the limits on w become stronger than before because the

107"

'] -
Fo _.-_—_.—:.::t.'l-‘:—--.__

Belle II, 50 ab™"

leptogenesis

1 -5 PP | | P
= 10 102 10°

Mz = 3 My [GeV]

FIG. 7. Upper limit on ¢’ vs M, = 3M, for decoupled S and
e =1 (thick black line). Existing limits (shaded) and future
prospects (dashed) under the assumption M, /My = 3 and the
seesaw relation for the active-sterile mixing angle are taken from
Ref. [56]. In particular, the dark red dotted-dashed (blue dashed)
lines show the projections for the HL-LHC (3 ab™!) in the
channel pp — Z' —» ¢Y¢~ (pp - Z' - NN with displaced
vertices), while the dashed green line shows the SHiP reach
for displaced vertices. For M) lighter than a few GeV the
leptogenesis bound reported should be considered very
conservative; see the discussion in Sec. IIT A.
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— Mz/My =01
Mz/My =3

— Mz/My =1
—— Mz/My =10

— Mz/My=2
— My/My =100

l0g409'

10° 10’ 10 10° 10
Mz = X My [GeV]
FIG. 8. Upper limit on ¢ vs My, =XMy for

X €{0.1,1,2,3,10, 100}, decoupled S and & = 1. The dashed
part of the line corresponds to the perturbative-unitarity bound
(8). For M, lighter than a few GeV the leptogenesis bounds
reported should be considered very conservative; see the
discussion in Sec. III A.

thermal distribution of N energies in the early Universe makes
it very easy to hit the s-channel Z’ resonance, if the mass of Z’
is below the TeV range. Taking as a benchmark the fixed ratio
M, /My = 3 (as in Ref. [56]), we can give the conservative
leptogenesis constraints for e = 1 (decoupled S); see Fig. 7.
(Our results agree to a good accuracy with the simplified
analysis of Ref. [18].) Some comments are in order: the future
prospects for observing Z' and N in Fig. 7 assume the
production of one pair of right-handed neutrinos with decay
length fixed by the naive seesaw relation 8> ~ M,/ M y for the
mixing angle. The limits and prospects should thus slightly
increase for our case with (at least two) degenerate N.
Furthermore, fixing € implies a fixed m, a parameter we
varied to maximize ¢ in our leptogenesis limits, so our limits
will also increase (slightly). Increasing the ratio M, /M, far
above 3 will not change much the current or projected limits
of the dilepton channel, which rescale slightly with
BR(Z' — £7¢), but will reduce the efficiency for reconstruct-
ing the displaced vertex of the boosted N. The leptogenesis
constraints on the other hand become stronger still for
M, /My >3 (Fig. 8), making it possible to exclude lepto-
genesis robustly through a double observation of Z’' and N
with M, /My = 3. Let us emphasize again that the e = 1
limit given in Figs. 7 and 8 for M lighter than a few GeV is
extremely conservative (see Sec. III A) and will realistically
fall below even the Belle-II reach in Fig. 7.

V. CONCLUSION

The matter-antimatter asymmetry of our Universe is a
longstanding mystery given our confidence in the (infla-
tionary) big bang theory. Leptogenesis is championed as a
simple explanation that also resolves the neutrino mass
problem of the SM.
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In this paper we have performed a comprehensive
analysis of leptogenesis in the presence of a neutral gauge
boson Z’ interacting with the right-handed neutrinos N,
taking the gauged U(1)z_, model as a benchmark scenario.
The gauge interactions put N in thermal equilibrium at high
temperatures; the additional annihilation channel NN —
ff via heavy s-channel Z' or NN — Z'Z’ for light Z' will
dilute the lepton asymmetry, allowing us to provide a very
conservative lower limit M, /¢ = 1 TeV for successful
leptogenesis. This limit increases drastically for realisti-
cally achievable CP asymmetries or if the hierarchy M, <
My is violated. The latter case, with M, > 2My, is of
particular interest because it allows for an efficient pro-
duction of N via on-shell Z/ — NN, potentially followed
by a displaced-vertex decay of N. This is a promising
detection channel for both Z' and N at SHiP or the
(HL-)LHC. As it can be seen from Fig. 7, leptogenesis
provides extremely strong constraints in this region of
parameter space, so that any observation of Z' and N via
displaced vertices would effectively rule out leptogenesis.

We have also considered for the first time the opposite
hierarchy, M, < 2M, and shown that it still poses strong
limits on the Z’' parameter space (Fig. 6). Even here it is
possible to falsify leptogenesis by detecting both Z’ and N
in a large region of parameter space. In this case of a light
7', whose discovery prospects will increase significantly in
the near future, it has been important to consider NN —
7'7' processes, in addition to NN — ff, which is in turn
dominant for heavy Z'. A careful treatment of the scalar S,
responsible for the breaking of B — L, has shown that its
effect can make the bounds on successful leptogenesis even
more than an order of magnitude stronger.
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APPENDIX: FORMULAS

For the convenience of the reader, we collect the relevant
decay widths of the new particles Z' and § into leptons
¢ € {e,u,t}; quarks g € {u,d,c,s,t,b}; light neutrinos
v € {v,,v,.v,}; and heavy neutrinos N € {N|,N,, N3},
using o = ¢ /4x:

- 'M 2M? 4M?
Nz — 2¢) =222 (1+—2f> 1——2£ (Al
3 ML)\ Ml

a’MZ/ 2M2 4M2
I'(Z' - qq) = 1 B DY E— A2
@~ a0) = TGE (1455 1G5 a2)
"M, 4M3N3/2
Nz - NN) =222 (1220807 (A3)
6 Mz/
/
M
[(Z - w)= a G z, (A4)
M2 AM? 3/2
I'(S - NN) = o'Mj 2?V(l ——}’) . (AS)
M2, M3
M3 4M?2,
I(S—>2Z2Z)=dMs=—5|1-—%
2M2, M3
aMm?i,  12M7,
x [ 1—-—Z+ Z>. (A6)
(=%

The spin-averaged total cross section for NN — ff via
s-channel Z’ depends on the B — L charge Qp_; and color
multiplicity N, of the fermion f:

6(NN = ff) = No(f)Qp-(f)?
g/4
" 2as[(M2, = 5) + MLTZ]

X (5 42M7)\ /s — 4AM7\ /s — AMY,.

(A7)

The spin-averaged cross section for NN — SS can be
written as

 AaMi,(M% - 5)?(2M2% — 5)s(4M3, — 5)

g*M3, (s —2M3)\/(s = 4M3) (s — 4M3)
M+ M% (s — 4M3)

x {=32M§, (M?% — 5)? + IMSs + 3MZ M (s> — 6ME — 16M%s) + 4M7 (20M$ + 4Mes + 4M3s® — s%)}
+ 2M% (M% — $){18M§ + 32M3, (M2 — 5) + 10Més — 11M%s% + 53 + 16M% (s> — SME + M2s)}

X arctanh \/(S _4M12V)(S - 4M§)(s — 2M§) :|:| |

2M3 (s — 4M3%) — 2M% + 4M3s — 5°
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while the spin-averaged cross section for NN — Z'Z’ (including s-channel S exchange) is more complicated:

o M, (2M2, — s)\/ (s — 4M3,) (s — 4M2,)
7 4xME (M5 = 5)” + MET3](2M, — 5)s(s — 4M3,) [ 2(MY, + M3, (s — 4M3))
x {=2M%, (M2, — 4AM3,) (2M M3, + (M$ — 8MEM3, + 48My ) M2))
+ M2 (MEM3 (—16M%, + M%) + AM3(—2M3M 5 + M3,)? + 8M% M2, (—28M3, + M2,))s
+ 2(MEMY, + 4M3, (M3 + 8M3)M2, + M3, (M3 + 8M3,)M%, + 2M3MS, — MS))s?
—M3,(8M3, + 8MI M, + M3,)s*} + %M“,(M% — 5){—4(M3} — 8M3)MS, (4M3, — M%)
— 4M2,(32M3 M2, — 8M3 MY, + M5, + M3(—4M}, + 3M3M2))s
+ (—4MZMyy, + 4M3, (M5 + 8M%)MZ, + (M3 + 12M3,)M}, ) s>
M3, =5+ /(s — 4M3) (s - 4M§,)> 2H

M2, — 5 — \/(s —AM2)(s — 4M2,)

—(2M% + M2,)*s*} log l( (A9)

The expression for NN — SZ' is even more involved and will not be shown here. In the nonrelativistic limit, all four
annihilation cross sections NN — ff, SS, Z'Z', SZ' match those of Ref. [32]. Notice that to calculate the relevant thermally
averaged rates entering the Boltzmann equations, one needs the spin-summed reduced cross sections [59] which can be

readily inferred from the formulas above.
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