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LHC experiments can provide a remarkable sensitivity to exotic metastable massive particles, decaying
with significant displacement from the interaction point. The best sensitivity is achieved with models where
the production and decay occur due to different coupling constants, and the lifetime of exotic particles
determines the probability of decay within a detector. The lifetimes of such particles can be independently
limited from standard cosmology, in particular, the big bang nucleosynthesis (BBN). In this paper, we
analyze the constraints on the simplest scalar model coupled through the Higgs portal, where the
production occurs via 7 — S8, and the decay is induced by the small mixing angle of the Higgs field / and
scalar S. We find that throughout most of the parameter space, 2m,, < mg < my/2, the lifetime of an exotic
particle has to be less than 0.1 s, while below 2m,, it could grow to about a second. The strong constraints on
lifetimes are induced by the nucleonic and mesonic decays of scalars that tend to raise the n/ p ratio. Strong
constraints on lifetimes of the minimal singlet extensions of the Higgs potential are welcome news for the
MATHUSLA proposal that seeks to detect displaced decays of exotic particles produced in the LHC
collisions. We also point out how more complicated exotic sectors could evade the BBN lifetime

constraints.
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I. INTRODUCTION

The absence of readily discoverable new physics (NP) at
the LHC has presented the physics community with a
formidable puzzle. While the arguments for NP “not too
far” from the weak scale still loom large, there is a distinct
desire to explore wider (and wilder) theoretical options
away from a simply realized weak-scale supersymmetry, or
extra space dimensions. One possible strategy to look for
new physics is to abandon theoretical preconceptions and
to start looking for nonstandard signatures that the NP
could present.

Large classes of models offer promising avenues for a
nonstandard signal in the production of new exotic particles
(possibly of electroweak-scale mass) with subsequent
decay away from the interaction point (see, e.g., [1-4]).
While both ATLAS and CMS have performed correspond-
ing studies in a variety of contexts and for different ranges
of displacement [5-7], it has recently been pointed out that
a dedicated and relatively inexpensive detector [8] could
extend the physics reach into cases where the decay lengths
are on the order of O(100 m) and beyond.

When both the production and the decay of an exotic
state S occur through one and the same coupling constant,
the chances of detecting such NP at the LHC experiments
are not great. Indeed, a large displacement implies a very
small value for the coupling, which in turn leads to
very inefficient production rates. Therefore, an ideal case
for the collider studies would be when the production and
decay occur through different coupling constants, and
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Aproduction > Adecay- FOr the pair-produced exotics, such a
hierarchy can be made “natural” as the Agecay — O limit
could lead to an enhanced symmetry.

If the main signal to search for is an appearance of
abnormal energy deposition or exotic vertex some distance
from the interaction point, it is then very important to know
how small 44,y 1s allowed to be. In more practical terms,
one would like to know if there is an external to the LHC
physics constraint on the lifetimes zg of such exotic
particles. An obvious source for such a constraint can be
early cosmology. The big bang nucleosynthesis (BBN) and
its overall agreement with observations [9] (apart from the
unclear status of "Li) can provide a limit on the lifetimes of
such particles. To derive such limits, one would have to
make a fairly natural assumption that the Universe was
indeed as hot as T ~ mg ~ electroweak scale at some point
in its history. Subsequent thermal evolution to the BBN
temperatures involves self-depletion via S§ — SM due to
Aproduction> 10 an expected weakly interacting massive
particle (WIMP)-type annihilation process, and late-time
decay of S — SM where depending on lifetimes and the
properties of the decay products the BBN outcome may get
affected. These mechanisms are well understood in the
BBN literature (see, e.g., [10,11] for reviews). We will
require that the late decay of § provides a small and
acceptable perturbation to the standard BBN (SBBN)
outcome, which in turn will limit zg.

In this paper, we analyze a fairly minimal model, where a
new singlet scalar has predominantly a quadratic coupling
to the Higgs boson that regulates both its production at
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colliders and the intermediate cosmological abundance at
Tgpny < T < mg. Given that the model is very predictive,
it allows one to place robust bounds on lifetimes of such
particles with a minimum amount of model dependence.
We find that for most of the analyzed parameter space with
mg < my,/2, the intermediate abundance of such particles is
large enough to affect the neutron-proton freeze out ratios
at relevant temperatures. This allows us to set fairly robust
bounds on lifetimes of such particles, which come out to be
remarkably strong, and shorter than 0.1 s. In what follows
we describe the model and the cosmological history of S
(Sec. 1), derive the impact on the BBN (Sec. III), present
our results (Sec. IV), and provide related discus-
sion (Sec. V).

II. THE MINIMAL HIGGS PORTAL MODEL

We consider the simplest extension of the Standard
Model (SM) by a singlet scalar field S. A new singlet
scalar S can have two interaction terms with the SM at the
renormalizable level, in addition to trilinear and quartic
self-interactions. In this scenario, the Lagrangian of the
singlet sector (including the SM) generically takes the form

Lys =W H H =2y (H'H)* = V(S) — ASH'H
— AsS*H'H + kin terms. (1)

The Higgs expectation value v = 246 GeV is assumed to
correspond to a global minimum. The self-interaction
potential V(S) = 2,5* + 138> + 5252 can be redefined
in such a way that the linear term is absent. It is important
that the A, 43 — 0, and (S) = 0 limit would correspond to
the case of stable S particles. To simplify the discussion
without sacrificing much generality, we take 454 — 0 and
assume Av << m%, Asv?.

The physical mass of S receives a contribution from the
electroweak symmetry breaking, mg = \/m3, + Asv*. At
linear order in A, the mixing angle 6 between physical
excitations § and £ is

Av Agv?
9 = B 2 (l - 2 ) (2)

The Ag term arises because the S field develops a small
A-controlled vacuum expectation value. The mixing param-
eter 6 leads, via the A coupling constant, to the decay of S
particles, which can readily be derived from

ﬁdecay =8x ezoha (3)
SM

where O, is the set of the standard Higgs interaction terms,
with the Higgs field removed: e.g., O, = (m/v)ff for an
elementary SM fermion f.
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This Yukawa-type coupling to the SM has been tested in
rare meson decays [12-16] and in proton fixed-target
experiments [17]. The model is mostly ruled out for large
mixing angles 6 > 10741072 over the mg ~ MeV-5 GeV
mass range. The proposed experiment SHiP could poten-
tially improve current sensitivity down to 6 ~ 107 for
mg ~ few GeV [17], and there are additional islands of
sensitivity at even lower mixing angles from BBN and the
cosmic microwave background [18].

In the limit of & — 0, S is stable and could be the dark
matter [19-21]. Various limits arise from searches in direct
and indirect detection if the particle is stable (see
Refs. [22,23] for recent reviews), but Ag is generically
bounded from the constraints on invisible Higgs decay,
independently of the direct detection limits. The Standard
Model Higgs has a well-predicted decay rate into SM
particles of I'qy; =4.07 MeV. So far, the properties of
125 GeV resonance are remarkably consistent with the SM
Higgs, and therefore there is little doubt that its width is
close to I'gy. The invisible branching ratio of Higgs decay
to the SS§ final state is

2202 4m?
[)gs = —> 1 -—3, 4
h=55 8zmy, m, “)
1—‘S /15 2
Br(h — 8§) = —5 — ~ 102 . (5
= S8) = 5 T <0.0015> )

where in the last line we assumed Br(k — SS) < 1 and
mg < my,. The experimental upper bound on the invisible
branching ratio of a SM Higgs is 0.19 (at 20) [24], which
translates into an upper bound on Ag,

s s% (6)

If S is to be stable, such small couplings would lead to an
excessive abundance of S, which invalidates the Z, sym-
metric case and forces us to include the decay term. From
now on, we will consider 6 # 0, or in other words the case of
unstable § particles. Since our analysis is motivated by the
LHC physics, we will use Br(h — SS) as an input parameter
and substitute 1g everywhere employing (4) and (5).

A. Decay products

Since § interacts with the SM in the same fashion as the
Higgs with an additional # mixing factor (3), its decay
properties are similar to those of a light Higgs boson. For the
derivations of the actual limits on the lifetime of S, we need
to know its mesonic and nucleonic decay branching ratios.

The decay channels of a light Higgs have been consid-
ered in the early years of the Weinberg-Salam electroweak
model [25], with additional refinements as SM particles and
hadronic resonances were being discovered and final-state
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FIG. 1.

model and the spectator model for the mixing angle 6 = 107°.

interactions were becoming better understood [26-28].
Hadronic decays in the mass range 2m, < mg < 4 GeV
are still poorly understood, with models varying by as
much as a few orders of magnitude near the di-kaon
threshold [16].

The leptonic decay channels are straightforward, with
the decay rate given by

0% m? 4m\ 3/2
quzizgy—glms(l—m—?:) . (7)

If the decaying product is a pair of heavy quarks, there are
O(1) corrections coming from the 1-loop QCD vertex
correction [22], which yields the following correction
factor [29] to the fermionic expressions (7):

da, (9 3 m?
—3|1 4+ 2% (242 M) 8
fq {+3n<4 2nm§)] (8)

and the factor of 3 comes from the number of color charges.
For better accuracy, we use the higher order perturbative
results from the HDECAY code [30] for mg > 2.5 GeV.

Metastable mesons, such as z+ and K+, K°, K9 are
“important” decay products, as they can participate in the
charge-exchange reactions with nucleons and shift the n —
p balance, hence affecting the whole nucleosynthetic chain.
In the mass range where the perturbative QCD calculations
are no longer valid, we base our baseline calculations on
Ref. [31]. The scalar-pion interaction can be extracted from
the low-energy expansion of the trace of the QCD energy-
momentum tensor (see, e.g., [32,33]) by integrating out the
three heavy quarks and using chiral perturbation theory on
the remainder, yielding the effective Lagrangian [31]

4_19
9v

som2 (1 ., .
—575<2ﬂ.’ﬂ' +7T7T>, 9)

Lgmn = < 0,m°n’ + 0, m T n" )

PHYSICAL REVIEW D 96, 075033 (2017)
10° L B UL NS L

Baseline
0 Spectator Model
10°
102 b
)
8 . 4
o 107 1
g
108 |
108 |
|

mg [GeV]

Left: Branching ratios of the scalar S in our baseline decay model. See text for details. Right: Scalar S lifetime of our baseline

where we have inserted the SM numerical values for the
number of heavy quarks and the first coefficient of the
QCD beta function. This leads to decay width to charged
pions,

FS—)}T+II_ - 21—‘5_,”0” 5
ng

0 mg 2+11m,2, 2 4m?
167 12 \9 9 m?

(10)

This result, however, is not applicable far above the pion
threshold, as final-state resonances would drastically affect
this prediction. Instead, we use the pion and kaon decay
width described in Ref. [34], where the authors matched the
next-to-leading order corrections of the low-energy theo-
rems to the dispersion results from the zz phase-shift
analysis above 600 MeV from the CERN-Munich group
[35]. The photon decay channel is added with the pre-
scription detailed in Ref. [36]. Finally, there is a gap for
1.4 GeV < mg < 2.5 GeV where no analytical treatment is
entirely trustworthy, as this includes new resonances
strongly coupled to xn and other potential hadronic
channels. We simply follow Ref. [31] and interpolate
between the two regimes, under the assumption that there
is no order of magnitude deviation in this mass range. The
branching ratios and the lifetime for @ = 107 are displayed
in Fig. 1.

As an alternative decay spectrum model, we also display
the perturbative spectator approach [17,37,38], where the
relative decay widths above the kaon threshold are given by

Uy Ui iy = ﬂﬂ3 3— m2py: 3— Zﬂn, (11)
with g; = \/1 —4m?/m%0@(mg — 2m;), © being the step-
function, and we adopt the running of s quark mass
following Ref. [36]. The pion contribution is kept as in
Eq. (10), and then we use the HDECAY output at the c-quark
threshold and above to match our baseline model.
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FIG. 2. Left: Temperature evolution (x = m/T) of the Yy intermediate abundance for mg =5 MeV and 500 MeV for the three
benchmark Higgs branching ratios. Right: Metastable abundance of S prior to its decay normalized over the baryon density. Values
shown for Br(h — SS) = 107!, 1072, and 1073. The dashed lines correspond to the perturbative spectator model.

For mg of several GeV and heavier, decays with final
state nucleon-antinucleon pairs are possible. Even though
the branching to such states are generally lower than 10%,
the effect on BBN can be quite significant, and therefore
these are by far the most important channels for g 2 1 s.
On top of direct and for the most part subdominant
contributions from S — #n,..., we need to take into
account the (anti)nucleon states that emerge from the
hadronization of the quark decay products and heavy
B-meson fragmentations.

B. Cosmological metastable abundance

After the temperature drops below mg, the interaction of
SS pairs with the SM shifts toward the annihilation,
resulting in an intermediate (metastable) population of S
bosons. In the mass range that we consider, the S
annihilation is dominated by the s-channel reactions
SS — h* — XX, where on the receiving end are the pairs
of the SM states XX created by a Higgs-mediation process.
The annihilation cross section ov generically takes the form

8302 Y
ov(s) = .
R P R S N
[, dsov(s)sy/s — 4miK | (4)
ov) =—= . (12)

16T K3()

This formula recast the rate in terms of a Higgs width
Fgﬁ(’f‘/} with a fictitious mass of /s. This form encom-
passes both perturbative and nonperturbative channels in
the h* decay rate (with the substitution mj — /s), which
we have described above. In the standard WIMP freeze-out
paradigm, a dark matter (DM) particle freezes out at
Tto. ~ mpp/20, (ov) is simply the nonrelativistic limit
ov(y/s = 2mpy ), and the relic density can be conveniently

approximated as Qpyh? ~0.11 x 1 pb/{ov). This result
emerges as a solution to the Boltzmann equation1 [39]

dY  s(ov) 1d(In heg)
e ol e ek

Y?), 13
dx Hx ) (13)

when the freeze-out occurs in the exponentially falling
region of the equilibrium density Y. (7). For a much
smaller annihilation cross section, (6v) < 1 pb, Y departs
from the equilibrium value earlier, possibly near the
relativistic plateau Yoq = neq/s — 45((3)/2x*heg(T) for
x < 1. Since the nonrelativistic annihilation cross section
in the minimal Higgs portal model ranges from 1073 to
10~ pb for mg~1 MeV-60 GeV and Br(h — SS) ~
0.1 — 0.001, we numerically integrate Eq. (13) to determine
the metastable S abundance. The results are shown in
Fig. 2, normalized to the baryon number density for a more
intuitive interpretation of its impact on BBN in the
following section.

For mg = m,,/2, the ov cross section evaluated at s =
4m?% is a poor approximation, as it fails to capture the strong
energy dependence of the cross section near the resonance
at\/s = my,/2 [40]. The sharp drop in the abundance above
mg ~45 GeV is due to the resonant contribution to the
thermally averaged cross section, leading to a delayed
freeze-out and drastic decrease in metastable S abundance.
Our numerical results agree with the semianalytic treatment
of Ref. [22]. For very light mg, one can see that the freeze-
out abundances are large, and the relative spread between
different input values of Br(h — SS) gets smaller, as the
annihilation cross section becomes very small and the

'We use the standard variable definitions, where ¥ = n g/s is
the S abundance normalized on the entropy density s, x = m/T is
the dimensionless inverse temperature, H is the Hubble rate, /.
is the number of entropic relativistic degrees of freedom, and Y
is the normalized thermal equilibrium S number density.
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freeze-out happens in the semirelativistic regime x;, ~
O(1) with an asymptote at the Y, relativistic plateau for
small mg. The only difference at the lightest masses is from
Ygz} & 1/h(T). Since he is a monotonic function of
temperature, weaker annihilation cross sections freeze out
earlier, at a higher temperature, thus yielding smaller
abundances (as seen in the mg =15 MeV curves in
Fig. 2). This is in contrast with the standard freeze-out
in the nonrelativistic regime, with final abundances
inversely proportional to the cross section. We note in
passing that the strong-interaction-related uncertainty
“propagates” outside the mg ~ 2m, —2m, window. For
example, because of the relativistic freeze-out, for myg
smaller than 2m, the hadronic channels may turn out to
be important.

Corrections to the metastable abundance from the Z,-
breaking mixing angle are negligible. Parametrically, we
will be interested in values of 6 that have ['#¢ ~ (0.1-1s)~".
Modifications to the relic abundance would arise from
decay or inverse decay processes with approximately

dec,inv—d
. FSGC mv eC
H(tfo)

which justifies neglecting 6 at the time of metastable §
freeze-out.

5115

<1, (14)

ng g

III. BIG BANG NUCLEOSYNTHESIS

The formation of light nuclei is one of the earliest probes
of NP in cosmology along with far less certain constraints
imposed by the inflationary framework. BBN is well
understood within SM physics, and its outcome agrees
with observational data for “He and D. 7Li has an out-
standing factor of ~2-3 discrepancy between theory and
observations [9], with the caveat that the observed abun-
dances may have been affected by stellar evolution.
Nevertheless, the overall success over a wide range of
abundances can be used to constrain various types of
NP [11].

The initial BBN stage is the neutron-proton ratio n/p
freeze-out. Maintained in equilibrium by electroweak
interactions at high temperatures, the neutron abundance
follows n/p~e T, where Q=m,—m,—m,=
1.293 MeV, until the epoch when the weak processes
decouple around temperatures of 0.7 MeV. The outcome,
n/p = 1/6, is quasistable, decreasing to n/p = 1/7 at the
end of the “deuterium bottleneck.” The latter terminology is
used to indicate a much delayed onset of nuclear reactions
controlled by a relatively shallow n — p binding energy.
Once the Universe runs out of photons that can efficiently
dissociate deuterium, the bulk of the nucleosynthetic
reactions occurs at fg., ~ 200 s. “He has a large binding
energy per nucleon, and the reactions leading to it are
less Coulomb-suppressed than for heavier elements.

PHYSICAL REVIEW D 96, 075033 (2017)

Consequently, most neutrons end up in the final *He
abundance (expressed in mass fraction from the total
baryon mass) Y, =2(n/p)/(1 +n/p)=0.25.

Traces of neutrons and incomplete nuclear burning of
A =2, 3 nuclei light nuclei result in the leftover abundan-
ces of *He and D. Beyond the “He atomic number, the
deepest bound nucleus is 12C, but its formation is com-
pletely suppressed since it would need to be produced by a
triple “He collision. The 2 — 2 reactions p + “He and
“He + “He are also ineffective at producing heavier nuclei
asthe A = 5 and A = 8 elements are all unstable. The only
remaining possibilities are “He + *He — "Be + y followed
by an electron capture to yield "Li/H ~ O(107'%) and °Li
formed at the °Li/H ~ O(10~'*) via “He-D fusion. For the
problem at hand—the determination of the upper limit on
the S lifetime—few of these details matter. This is because
of relatively large metastable abundances affecting the
earliest stages of nucleosynthesis, primarily via the
n/p ratio.

A. Neutron enrichment

Ample abundances of S particles (ng ~ 10°-10° x n)
flood the Universe with final state mesons and nucleons
that in turn could spoil the final light nuclei abundances.
For example, at temperatures 7 ~ 0.5 MeV, the protons are
~6 times more abundant than neutrons, but this ratio can
easily be changed due to meson-induced charge exchange
reactions. At these temperatures, the probability of p — n
conversion from charged pions is

102]

Pn—)p = np<01)>]mCT,[+ =2x m X 1.5 mb x 2.6

x 1078 s x ¢ =2.5x 1073, (15)
It is then clear that injection of O(10°) mesons per nucleon
at these temperatures can drastically increase the n/p
freeze-out abundance. Similarly, direct baryonic injection
of nn and pp will have a comparable effect on the n/p
ratio. On the other hand, if S decays happen before the n/p
freeze-out, the additional p — n conversions would not be
as efficient, being washed out by the ongoing weak
interaction conversions.

The limit of the exclusion region in the Yg/zg para-
meter space (Yg = ng/n;, from now on) is determined by
solving the Boltzmann equation with the injection of
charge exchange inducing particles. Given that the abun-
dances of § particles are large, the main constraints can be
derived from the n/p freeze-out ratio. To that effect, we
would not need a complete BBN framework, but only a
subset of the whole code that deals with n <> p conver-
sions. We follow the semianalytic treatment by Mukhanov
[41] that approximates n <> p weak conversion rates by a
few integrals over thermal distributions and assumes a
“steplike” disappearance of charged leptons below 7' = m,,
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1+ 34>

nv,—pe” — 2”3 aG%QSJ(l;OO),

Lpeosns, = € &y spe-s (16)
1+ 392 m

FneJr_)pl_/e = 2”3 s G%QS‘](_w; _Ee> )

Fplfe—"lfr = e_Q/TFne+—>PDg7 (17)
at)= [ W - 1ds
1+ Al )1+ e‘T‘I)

(18)

where ¢, = 1.27 is the standard nucleon axial-vector
coupling, Q@ =m, —m, —m, = 1293 MeV, and Gy is
the Fermi constant. The reverse reaction rates are found by
detailed balance. We evaluate J numerically and solve for
the electron-neutrino temperature 7', by entropy conserva-
tion, assuming a v, decoupling temperature of 2 MeV,
which reproduces the correct entropy degrees of freedom at
lower temperature [42]. It is then straightforward to solve
numerically the differential equation for X,, = n,,/n,,

% _ an,—»pe’ + Fne*—»pl?,g
dT TH(T)
X,
T THT)

(Xn - (1 - Xn)e_Q/T)

(19)

where the last term represents the neutron decay with
;! = 880 s. This equation is approximately valid until the
rapid switch-on of the nuclear reaction rates at the end of
the deuterium bottleneck. Within this approximation, one
can determine the final temperature where the equation is
valid by starting with X,, = 1/2 at early times and solving
for the deuterium bottleneck temperature by imposing
Y, =2X,(Tgew) =0.25. This results in T 4., =0.068 MeV
Or t4ey = 276 s. We take this approximation as our baseline
SBBN model, which is then modified by the inclusion of
extra sources and sinks for n, p, and new n <> p reactions.
To constrain the parameter space of a species decaying into
charged mesons or baryons, we proceed by solving the
Boltzmann equation that includes new interactions. We
will require that ¥, does not deviate from SBBN by more
than 4%,

AY, =Y, - YSBBN| < 0,01, (20)

which is a rather generous allowance for the errors,
considering the tight observational constraints on primor-
dial helium abundance [9]. Consequently, it will result in
conservative limits of zg.

PHYSICAL REVIEW D 96, 075033 (2017)

1. Meson-mediated mechanism

Only long-lived mesons have an opportunity to interact
with the baryon bath and induce proton-neutron conver-
sions. As such, only z*, K*, and K, have lifetimes in
excess of 7~ 107% s and can induce p <> n via strong
interactions. For temperatures relevant for the n/p freeze-
out, the density of charged leptons is very high, and mesons
are efficiently stopped by the primordial plasma. We
assume that they are efficiently thermalized, and we take
the relevant pion-induced reactions at threshold [43,44]

(c=1),

T4+ p-on+ty: (ov)’;;(y> = (.57 mb,

0 = 1383 MeV, (21)
a+p-on+a (61});’7;(”0) = (.88 mb,

0 =33 MeV, (22)

at+n-p+y:
0 = 140.9 MeV, (23)

(av)Z;(y) = 0.44 mb,

at+n—-p+a°:
0 = 5.9 MeV. (24)

(V)7 o) =126 mb,

The reverse reactions are irrelevant due to the short lifetime
of 7°’s and the need for nonthermal y’s of ~140 MeV
energy. The n~ reactions are to be added to the right-hand
side of the Boltzmann Eq. (19) via the additional term

X, -1 i ~
dr n— - TH(T) n”7(<6U>P’1(”0) T <0U>pn(y))(1 - Xn)a

(25)

and similarly for the z reactions. The ambient population
of injected pions from a S decay with Br(S —» z7z7) = £«
is n;i =&t Yon,(T)e™™s, 1=2.425(MeV/T)*/ /9.,
and the thermal cross sections are taken at their threshold
value (ov)7, = (av) . Reactions with pairs of charged
particles in the initial states, such as 7z~ p, will be somewhat
enhanced due to the Coulomb attraction, which provides a
small but non-negligible correction. We account for it
following Ref. [44].

The implementation of the charged kaon reactions is
similar to the pion case, but the dominant reactions are
rather different. The direct charge exchange between
neutral and charged kaons is
= 10 mb,

K'+n—K +p: (UU)I]S;( K)

0 =53 MeV, (26)
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15 [sec]

FIG. 3. Left: X, evolution for the SBBN and the injection of pions, kaons, baryons, and muons (neutrinos) as described in the text (see
Appendix A 1 for the muon case) for lifetimes of 0.05 s with the initial ¥y abundance tuned to yield AY,, = 0.01 (maximum allowed
shift of ¥ ,). The baryonic injection is taken at k = 0.5 (full line); the lines for x = 1 (dashed) and x = 0.2 (dotted) are also displayed.
Right: Limit of injected pairs for each channel as a function of the S lifetime. The upper-right dotted line for x = 0.2is at ¥, = 0.26, and

the upper-left dotted island yields Y, = 0.24.

with a similar cross section for a charge-conjugated
reaction, Kop — K*n. For neutral kaons, the effects
induced by K; are the most important, and we use
o(Kpn - K p)=406(K°n —» K~p) and (26) to find

(00) ik

also proceed via s-quark being incorporated inside an
unstable hyperon and a pion

= 4.5 mb. Additionally, efficient reactions can

K™+ p— Xz, X070, Ar°, (27)

K +n-3° 07, An~, (28)
with the hyperon subsequently decaying into p/n + X. The
inclusive threshold cross sections found by weighting each
hyperon-producing cross sections by their branching ratios
to p/n are [44]

K +p—->n+X:

(ov)k- =32 mb,  (29)

K +n-p+X: (ov)k; =13 mb,  (30)

K, +p—-n+X: (ov)K =6.5mb, (31)

(o)X~ =16 mb.

K;+n—-p+X: np

(32)
Notice the absence of corresponding hyperon reactions
initiated by K+ due to the presence of an anti-s quark.
Representative examples of X, (T) evolutions and the
sensitivity to £, Yg/7g parameter space are shown in Fig. 3.
The left panel displays significant modifications to the
evolution of neutron abundance at g = 0.05 s with adjust-
able initial abundance, yielding AY, = 0.01. The departure
from X, = 0.5 at high temperatures is clearly visible.
[In fact, for short zg, the kaon injection channel at early
times leads to a shift of the equilibrium value of X, to

(ov) 5 5 [ (o0)5 ™5 + (o0)h, K1) =045 As  the
temperature lowers, the Coulomb-enhanced reaction
becomes stronger. For meson injection, these reactions
enhance the p — n conversion, keeping X, away from the
SBBN value. The right panel gives a boundary of the
exclusion regions for different injection modes. In addition
to the already described channels, charged kaons also give
rise to a population of secondary charged pions that should
also be included in the analysis of p <> n transitions. Since
the constraints are already stronger than for the charged
pion case, we neglect this effect, which leads to more
conservative bounds.

2. Direct baryonic injection mechanism

If S is heavy enough, the end products after hadroniza-
tion of the primary decay products (e.g., b or ¢ quarks) may
contain baryons. Since S has no baryon number, one should
expect an equal number of baryons and antibaryons in the
final states. Therefore, one should expect the injection of
nii, pp, np, and pa pairs, as well as (in principle) baryonic
states with higher multiplicities. The hadronization process
and decay of heavy quarks produce many more light
mesons than baryons, and a complete analysis must include
a Monte Carlo study of the hadronization process (see
Ref. [45] for benchmarks of heavy unstable particles
decaying into 2 hadronic +1 leptonic jets in the early
BBN epoch). Assuming that the heavy quarks inside
baryons decay due to the “main” weak decay sequence,
b — ¢ — s — u, one should also expect a somewhat large
number of the final states with a proton or antiproton over
neutron or antineutron. We will tune the branching models
of S to available particle data on proton production, and
take N, = kN, and N = kN . Furthermore, because of a
more frequent appearance of the up-quark at the end of the
decay chain, we would take x = 0.5 on average.
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As in the case of mesons, the thermalization of baryonic
decay products is quick (see, e.g., [46]). As a baryonic pair
is created in the decay, the baryon is added to the existing
population of n or p. The antibaryon will, however,
annihilate with either p or n and dissipate into lighter
mesons. If it annihilates with its own antiparticle, there is no
net change in n/p, but an annihilation with the other

species induces a net n — p change. The probability P;gj of

a net charge exchange i — j from a kI injection is simply
given by the weighted annihilation rates

Pnt>p _ Xn<o-v>n[7
bp Xn<o-v>n[_7 + (l - Xn)<av>pﬁ ’
1-X .
Pn?p _ ( n)<av>pn (33)

pi T X, (ov),; + (1 —Xn)<°'”>pﬁ

and similarly for the np and n# injections. The baryonic
annihilation rates are given by [43]

(60),; = (ov),;/C = 37 mb,
(ov),; = (ov),; = 28 mb, (34)
where the p p has the low-v Coulomb correction C(v). The

implementation of these processes in the Boltzmann
equation then require additional terms,

an B _prSE_IFS
dr |, TH(T)
X (=PU=P — kPP 4 kPP 4 2 PITP).(35)

As before, the outcome is displayed in Fig. 3. Again, for
short S lifetimes and large Y g, the large numbers of injected
particles completely dictate the early X,, value. The con-
straint on Yg goes up more sharply in the short S lifetime
limit. There is a significant dependence on « for zg = 0.1 s,
which is washed out by the SM electroweak interactions at
earlier times. If we take the extreme limit x — 0, no
neutrons are injected and the pp pair can only further
decrease the n/p ratio, thus constrained by the lower Y,
limit 0.24. On the other hand, a symmetric injection k = 1
enhances the n/ p ratio as the antibaryon mostly annihilates
on protons, more abundant than neutrons by a factor of
~6-7 after the standard n/ p freeze-out. For k 2 0, the final
Y, can be either increased or decreased, depending on
whether the S particles decay away before or after the
displaced X,, equilibrium crosses the SBBN 7/ p freeze-out
curve. As shown for k = 0.2 in Fig. 3, thereisa ¥, = 0.24
exclusion island at low lifetimes and larger lifetimes are
constrained by Y, = 0.26. We use k = 0.5 as our baryonic
injection constraint benchmark.

Similar results were found in Ref. [47] in the context of
MeV-scale reheating with hadronic energy injection. The
importance of hadron injection on Y, completely
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FIG. 4. Constraints on Y%(ov),+,- from SS annihilations into
charged pions from the BBN “He abundance at Y, = 0.26.

dominates the second order effects of incomplete neutrino
thermalization after late reheating. Even though we have
checked that S does not reheat the SM bath in our model,
ps < psm» the importance of hadronic injection reinforces
the validity of our treatment even in the absence of the full
treatment of Boltzmann equation for neutrinos.

3. Meson injection from residual annihilations

In addition to its decay products, S can also inject
particles in the cosmic medium via SS annihilations to
charged pions. The injected pions interact with the cosmic
medium in the same way as from the S decays described
above. The Boltzmann equation takes the addition term
(25), with the injected pion density now given by
=1, Yini(T)e >Ts (o)

ni =, n%(T)(ov) p+ - I

(36)

where (ov),+,- is the nonrelativistic annihilation cross
section ov(2myg) as per Eq. (12), rescaled by the pionic
branching ratio at /s = 2mg. The n*1" « ng o T° depend-
ence implies a much stronger impact at high energies,
enforcing the displaced initial condition X, = 0.47. As S
decays away, its impact on X, (7T) is even more rapidly
exponentially suppressed, and its constraints are less
stringent than decays at very short lifetimes. The bounds
from annihilation are given in the Y3(ov),+,- — 75 param-
eter space and displayed in Fig. 4.

B. Energy density requirements

The resultant BBN abundances depend on the nuclear
reaction rates and how efficient they are as the Universe
expands. One by one, the reaction rates drop out of
equilibrium, as the Universe expands and cools. If the
Hubble rate is increased due to a large energy density
locked in a dark sector, the active reaction time would
shorten, potentially spoiling the SBBN results. For our
study, the most important effect is the change of the Hubble
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rate during the n/p freeze-out, which again affects Y.
However, we can also use as a constraint a well-measured
quantity in cosmology, the total energy density carried by
neutrinos.

The neutrinos decouple from thermal processes at
T ~2 MeV. If the decaying particle is heavy and does
not decay into neutrinos, it will reheat electron-photon fluid
with respect to the neutrinos, decrease 7,/T,, and equiv-
alently lower N The Planck Collaboration measured
N = 3.04 £0.33 at 20, including their cosmic micro-
wave background (CMB) results and external cosmological
data [48], which imposes N > 2.71 as a lower bound. In
the extreme case of a full reheating of the SM bath in the 1—
10 MeV temperature range, numerical solutions show a
decrease in Nz due to inefficient thermalization of
neutrinos [49], which slows down the Hubble rate resulting
in a decreased Y, [47]. In our model, we verified a pos-
teriori that S never dominates the cosmic energy density
ps < psum prior to its decay. We can then treat the energy
injection as a perturbation around the standard case, with-
out the need for a full numerical machinery of the neutrino
thermalization.

The energy densities and Hubble rate form a closed
system of differential equations,

ps +3Hpg = —Tgpg, Prad + 4Hprq = Tgps,

872G
2 _

H” = 3 (Prad + Ps)s
where we have assumed a nonrelativistic S and omitted the
variation in relativistic degrees of freedom. Assuming
steplike decoupling and changes in relativistic degrees of
freedom, the 7" evolution separates into three regions. For

(37)

T > TSP neutrinos are in equilibrium with the electro-
magnetic bath and py is injected equally in e*’s, ¢’s, and
y’s. For Te<O > T > T, . the neutrinos are simply
redshifted while the electron-photon bath is heated by
the S decays. For Tme > T, electrons become nonrelativ-
istic and transfer their entropy to photons, additionally
heating the photon bath compared to the neutrino bath.

|

. .c ! .
ple(r) = gﬁeé;—;“i {1 + aF (1) + c;] +ga

late 7 C::ad
Pv (t) =4 tz

with @ = 1/(8g,+. + g,) and ¢ a boundary condition that is
irrelevant in the ¢ — oo limit.

The temperature-time dependence is found via p,q(f) =
729, T*/30. Since the neutrino interaction rate scales as
L, ~ T°, we find the neutrino decoupling time in the

modified cosmology by equating ( S‘“’“’“P‘)S JH( TfﬁCOUM) _
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If S does not dominate the energy density of the Universe
before its decay, we can write pg = SgpSN, pra = pSM(1 +
Sraa) and expand (37) around the § perturbations to solve
the system analytically. At linear order, we find the
solutions

i

c c
ps(t) = _t;z est, Praa(t) = —;;‘d [+ F(1)],
CS 1 T
F(t) = — — |T30(/T'st) =50 (y/Tst) + 1,
Crad\/i Srst / $ / $ 4

(38)

where I's 5, I's /, are incomplete Gamma functions and the
integration constants cg, g are set to have pg = mgng and
Prad = pf%' at some early time I'g7 < 1. After the neutrinos
decouple, the injected energy is distributed to the photon-
electron bath and its energy density departs for the neutrino
bath,

: - Ci ~ Ci
PP = Gre =5t 1+ F(0] + 5,52 [G(1) = GH*)],

B0+ F(0) - G0 + G,

C

pzlznid(t) =0, (39)
where §; = g;/(g,+e +9,) is the fraction of relativistic

degrees of freedom of each bath, 7°°°* the neutrino
decoupling time, and

Cg
G(t) = —
() 2ct

rad

\/I—%erf(\/ﬁ) -~ CC,.S Vie s (40)

rad

Finally, after the electrons become nonrelativistic, they
effectively transfer their entropy to the photon bath.
Assuming an instantaneous transition, entropy continuity
implies an increase of energy density by a factor of
5= (g, + 97)1/3/9;/3 = (11/4)'/3. Matching boundary
conditions, the energy densities at late times are

i

BIG(1) = Glro) + 5(G (1) = GE="))), (1)
[1 + a{F(1) = G(1) + G(1,) + 8(G(1=°"") = G(1,))} + ctf , (42)

[

(T9)3/Hy(TY), with H the perturbed Hubble rate
and 7Y the neutrino decoupling temperature in the SM.
In the Maxwell-Boltzmann approximation, TS =2 MeV,
but thermal refinements in the interaction rates and

phase space tend to yield a lower value T9=
1.4 MeV [50].
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FIG. 5. Left: Departure from the SM N as the Universe cools down for electron injections (blue lines) and muon injections (orange
lines; see Appendix A 2 for details). The extrema of the neutrino decoupling temperature ranges are shown in full lines and dashed lines
as labeled in the figure. Right: Bound of maximal stored energy decaying into electrons or muons as a function of particle lifetimes. The
full lines and dashed lines represent the neutrino decoupling temperatures as on the left. We also show for comparison some benchmark
bounds in this parameter space from the BBN Y, results. The thin olive curves are the neutron enrichment constraint from annihilation
into pions for mg = 140 MeV (solid lines) and mg = 275 MeV (dotted lines). The thin purple line is the Y, constraint for a mg =

250 MeV particle decaying into muons.

Then, at I'sz > 1, we can evaluate T,/T, and find

5§y+e + gy - %fad \/I“ZS + (1 — S)G(le) + 5G([Secoup)

T\ /11\%3
() (3)" >
T}, 5§y+e + gv +

to constrain energy injection into electrons. We display in
Fig. 5 the departure from N = 3 as a function of time for
7g = 0.1 s and the two neutrino decoupling temperature
benchmarks. The limits are also shown in units of stored
energy density mgng/n,, where myg is in MeV. If the S
decay happens after the neutrino decoupling, all energy is
deposited in the photon bath and the result is independent
of our choice of T9. If decays happen earlier, the photon
and neutrinos are potentially still coupled and the energy
emitted in S decays only influences N after decoupling.
As such, the constraints has a t « (1/79)? dependence. We
adopt the conservative side,2 TB = 1.4 MeV, as our bounds
on the mg — 74 parameter space. Notice the constraints for
SS annihilations to pions are much stronger and will be
dominant when the pionic annihilation channel is open, i.e.,
for m, < mg < 2m,.

*The neutrino decoupling temperature is not a well-defined
quantity as the weak cross section with electrons scales as E>
resulting in energetic neutrinos remaining coupled slightly
longer, in addition to the v, and v, decoupling slightly earlier
[50]. Our choice of T = 1.4 MeV is on the lowest end of
decoupling temperatures, underestimating the energy fraction
going into the electromagnetic bath as higher generations of
neutrinos and lower energy electron-neutrinos have already
decoupled. A full Boltzmann evolution of the neutrino spectrum
will yield stronger constraints.

g Cg T d
s (3 - (1-9)G(1) - sG(TE="))

(43)

C. Late-time energy injection

In the example of the § particles coupled through the
Higgs portal, the most stringent constraints on lifetime
come from the considerations of n/p freeze-out. In other
models, with additional channels of annihilation that can
suppress metastable abundances, the constraints on lifetime
would not be as stringent and would mostly come from the
considerations of late energy injection. For completeness,
we also discuss these constraints here. Modification of
BBN by unstable particles with lifetimes in excess of 200 s
has been considered in detail, both through hadronic
[43,51], electromagnetic [52], or combined [44,46,53]
energy cascades.

Hadronic injection after 7= 200 s is most efficient at
modifying the final yields of the less abundant light nuclei
D, 3He, °Li, and 7Li. After most of “He has been syn-
thesized, the BBN enters the regime (7T ~ 50 keV) when
neutrons are rare, O(107>) or so, yet their abundances are
critical in determining the final abundance of deuterium. At
that stage, any additional neutrons brought into the system
through external processes such as heavy particle decays
lead to the increase of the deuterium abundance.
(Incidentally, it also leads to the suppression of 'Be and
consequently of "Li [43].) The increase of D production can
be exacerbated by the hadro-dissociation of *He in the
process of slowing down of injected hadrons. Additional
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production of 3He through spallation can also affect the
3He/D ratio [54]. Secondary and tertiary processes may also
generate °Li and °Be [55,56]. Detailed studies of the
ensuing constraints [53] show strong sensitivity to hadronic
(mostly nucleonic) decays of metastable particles with
lifetimes in the hundreds of seconds and longer, and initial
abundances comparable to or even smaller than that of
baryons. In recent years, these constraints have only gotten
stronger, primarily due to steady observational progress in
determination of primordial D/H [57].

If for some reason, hadrons and specifically nucleons are
absent from the decay chains, the abundances of light
elements can be modified by the late injection of electro-
magnetic energy. At early times this mechanism is ineffi-
cient, as radiation quanta with energy in excess of nuclear
binding are quickly energetically degraded by ambient
plasma. The photodissociation therefore sets in at late times
leading to a suppression D (= 10* s) and additional
production of 3He for ¢ > 10° s. Since typically 45% of
hadronic energy injection is dissipated electromagnetically
in the hadronization cascade [53], the late-time energy
injection constraints on a heavy particle are dominated by
the electromagnetic reactions in the BBN network.

IV. RESULTS

We are now in a position to perform a scan in parameter
space of the minimal Higgs model, constrained by the
consistency with BBN. In Fig. 6, we display the parameter
space, in both the lifetime and an effective decay length
Lge. = ctsfs(Eg/mg). We assume an average Eg of
200 GeV, from a Higgs typically boosted at 400 GeV at
the LHC. The resulting constraints, along with the assump-
tions considered in each mass range are described below.

(i) Region A 2m, < mg < 2m,: The constraint comes

from the decrease in Ng with the entropy dump in

T T T T

Br=01 ——
1F Br=0.01 — |1
Br = 0.001
0.3 i
0.1
0.03 ]
0.01 0.03 0.1 0.3 1 3 10 30
mg [GeV]
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the SM bath after neutrino decoupling. We take the
neutrino decoupling temperature to be 79 = 1.4 MeV
as a conservative limit.

(i1) Region B m, < mg < 2m,: This region is domi-
nated by the SS annihilation to z*z~. We also
derived the same constraint as region A from N
up to mg = 2m,,, in addition to the raised N5 from
decays into muons in the 2m, < mg < 2m, and the
Y, constraints from § decaying into muons (see
Appendix for muon injection considerations). They
all yield weaker bounds than the SS — 7"z~ con-
straints, of 7¢ > 0.3 s or longer.

(iii) Region C 2m, <mg<2my: The abundance Yy
weighted by the pion branching ratio constrains
the region via direct charged pion decays. We
assume 2/3 go into charged pions and 1/3 is
radiated away in 7°.

(iv) Region D 2myg <mg < 1.4 GeV: The abundance Y

weighted by the kaon branching ratio constrains the

region via direct charged kaon decays. We assume

1/2 go into charged kaons and 1/2 into K°K°. Only

half of the neutral kaons survive as K;, creating

similar in numbers metastable populations of K,

K", and K~.

Region E 1.4 GeV < mg < 2mp: By strangeness

conservation, we assume that all s quarks yield a

kaon, half charged and half neutral. Since we do

not have model-independent branching ratios of S in
this mass regime, we vary the description according
to the assumptions in each decay model. For the
baseline model, we assume that 100% decays to the
kaons and apply our kaon injection constraints.

For the perturbative spectator model, the kaon

branching ratio is given by (11), with non-negligible

contributions from decays to pions, muons, and eta
mesons, resulting in weaker bounds until the c-quark

)

y
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Br=0.01 ——
Br = 0.001

0.01

0.1 05 1 5 10
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FIG. 6. Left: Lifetime constraint as a function of the S mass for three # — SS branching ratios. The lettered regions represent different
assumptions or physics and are described in the text. The dotted lines correspond to the perturbative spectator model. Right: Same as left,
except transposed in the decay length of S, assuming it is boosted to Eg = 200 GeV.
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threshold. At mg = 2m, the hadronic modeling
dependence largely goes away.

(vi) Region F 2mp < mg < 2m,;: We utilize the branch-
ing fractions of c¢ from e*e™ at /s = 10.5 GeV
into D mesons from Ref. [58] and weight each
channel by its inclusive K* branching ratios to find a
hadronization yield of 0.63 K™K~ pair per S decay
into ¢ quarks. Rescaled by Br(S — c¢), the same
constraints from kaon injection apply. Above the
2m,_ threshold, a c¢ typically forms a ¢ baryon with
a 0.06 probability [58], which then hadronizes to p
or n. We find this constraint weaker than the kaons
injection and use the K"K~ result across this
entire range.

(vil) Region G mg > 2m,,: The main decay channel here
are pairs of bb quarks. The charged pion, charged
kaons, and proton multiplicities in the bb decay
of a Z boson are measured to be 18.44 + (.63,
2.63 £ 0.14, and 1.00 £ 0.08, respectively, by the
ALEPH Collaboration [59]. We assume the ratio
holds in the hadronization of lower center-of-mass
decays into bb and scale by the mean charge
multiplicity fit [60]

Nep(s) = =0.577 4+ 0.3941n(s/sq) + 0.2131n?(s/5¢)
+0.005(s/s50)°5, (44)

where s, = 1 GeV?2. This fit agrees well in both
ete” and pp collisions between /s ~2 GeV and
2 TeV. This gives us an estimate for the baryon
injection of the bb branching fraction of S. We
further assume a 50% smaller injection of n(7)
to utilize our baryon injection constraints. The
accompanying pions and kaons also independently
yield comparable constraints, not shown in the
figure.

V. DISCUSSION

We have considered, in some detail, constraints on the
lifetimes of the scalar particles, coupled to the Higgs portal
via a minimal set of couplings. To stay relevant for the
LHC, we have concentrated on the mgs < m,,/2 case, that
allows pair production of § states in the decay of Higgs
bosons. The same coupling is responsible for the cosmo-
logical depletion of § particles, leading to their metastable
abundance in the early universe.

We find that throughout almost the whole mass range
considered in this work, 2m, < mg <m;/2, the con-
straints on the lifetime of S particles are stronger than
0.1 s. Moreover, the results have a relatively mild depend-
ence on the Br(h — SS). The reason for that is as follows:
the experimental limits on Br(h — SS) are already strong
enough to limit the annihilation rate of SS pairs to the SM
states to be much less than one picobarn, and consequently
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the metastable abundance of § particles per nucleon is quite
high, ¥, > 1. This leads to a massive injection of nucleons
and mesons at early times, which raises the n/p ratio, and
creates larger yields of “He compared to SBBN.
Contributions of very light S particles to the Hubble rate
during the n/p freeze-out also raises Y. The limits on 7
are robust, and have rather mild dependence on the
uncertainties in our treatment. This is because the initial
large metastable Y ¢ abundance needs to be depleted prior to
the n/p freeze-out time ¢,,,, leading to the requirement
75 < t,/,. Consequently O(1) variations in the yields of
mesons and nucleons in the final states can be compensated
by small variations in 7g, parametrically on the order
log™!(t,/,/7s), to produce the same influence on BBN.
For the same reasons, our limits are also very insensitive to
the exact observational constraint on AYp, and we take a
rather conservative limit of 0.01 (allowing £0.01 devia-
tions from the observed/calculated mean). From the point
of the LHC physics, the most promising is a scenario with a
mass mg not far below m,;/2. In that case, the effective
decay length has to be on the order of or smaller than
~108 m (see Fig. 6), providing a 10~ minimum probability
for a decay within a 100 m length purposely built detector.
Given that the high-luminosity LHC would produce
copious numbers of the Higgs bosons, there is a chance
to cover the entire lifetime range for masses within the
10-50 GeV range.

In our paper we have neglected the effect of S self-
interaction. It turns out that the obtained results are also
robust to a self-interaction induced reduction in number
densities. Retaining the approximate Z,-symmetry consid-
ered, a quartic 1454 interaction could be considered, which
would lead to, e.g., 45 — 28 processes. Thus, large self-
interaction can maintain chemical equilibrium within the
dark sector through efficient number changing processes
and further deplete the S number density [61,62] (see
Ref. [63] for a realization of strongly interacting Z, Higgs
portal dark matter). After thermal decoupling from the
SM, entropy conservation in the S bath with chemical
equilibrium imposes the scaling ng « 1/a’Ina [61], which
implies an additional depletion of Y ~ Y g"'SM In(a/as.sm)s
where “fo,SM” denotes the values without the self-inter-
action. The S metastable abundance will therefore be at
most lowered by a factor of a few (certainly less than an
order of magnitude), which would have a very limited
impact on the zg limit.

It is easy to see that the above considerations can be
generalized to other models of the Higgs-portal-coupled
particles. For example, consider a fermion y, coupled to the
Higgs via H'H(yy) or H'H(yiysy) dimension-five oper-
ators, and having a small decay term such as neutrino portal
LHy. The main analysis of our work can be recast for
that model, especially in the part that connects Higgs
decays with a metastable abundance of y. Evidently, for
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Br(h — yjy) ~Br(h — SS) input, one will end up with
Y, ~ Y. The only change will be in the yields of mesons
and baryons in the decays of y compared to S. However, it
is well known that already for m, above 250 MeV, the
yields of pions and kaons are substantial [17], giving
confidence that for the most part the same constraints
we have derived for 7y will translate to similar limits on z,,.

The analysis performed in this paper can easily be
generalized to other models of metastable particles, with
different types of interactions, via Z, Z', etc. In the limit
when Z’ is outside of the LHC reach, one could have a
set of effective operators connecting y with the SM fields,
such as % XV Xqr.q, where A is some energy scale. The y
pair-production cross section in this case will scale as
Oyg—yy & E2A™, where E,, is a typical (anti)quark energy,
while the cosmological annihilation cross section has
6y7—qqV &« mEA™* scaling. Therefore, the LHC-relevant
cross section can be enhanced relative to the annihilation
rate by a parametrically large ratio, E2/m2 if m, is
parametrically smaller than the TeV scale. Therefore,
one can easily have a range of parameters with a relatively
large yjy pair-production cross section, while having
very small annihilation rates, rendering n,/n; > 1, and
resulting again in strong BBN constraints on lifetimes,
7, < 0.1 s. Therefore, we conclude that some simple Z’
mediated models of metastable particles can also be
strongly restricted by cosmology, making them a perfect
candidate for the searches of metastable particles at
the LHC.

It is also instructive to consider models where con-
straints on the lifetime of metastable particles are much
weaker. Clearly, one needs an effective new mechanism
for the self-annihilation in the early universe, as the
Higgs channel is too inefficient. Staying within the Higgs
portal models, consider the following potential with two
real scalars:

V(H,SI,SQ) = HTH(AIS% +)QS% +A1S] +A252)
+ 2125383+ V(S)) + V(S,) + V(HTH),
(45)

with the following hierarchy of couplings:

/11 > 12; Al < Az; /112 ~ 0(1), msl > mSZ. (46)
These choices will lead to a long-lived S;, somewhat
shorter-lived S,, a predominant decay of the Higgs boson
to pairs of §;, and cosmological depletion of §; via
S187 — 5,9, annihilation before BBN (even if S1 has a
lifetime 7g > 1 s) with potentially a large cross section
due to a sizable 4;, coupling. Most importantly, in this
model the Higgs decay to pairs of S; does not result in a

prediction of Yg; abundance, which can be quite small
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even for small values of Br(H — §;S). If Y, < 1, there
would not be enough decay mesons and nucleons to
affect early n/p freeze-out, and constraints on zg; will be
coming only from the considerations of late decays with
hadronic or electromagnetic energy injection. Instead of
75 < 0.1 s, one expects to have sensitivity to 74, ~ 10° s,
or even worse, beyond 10* s, if decays of S, are mostly
leptonic. This example is not unique, and there are other
models where constraints on lifetimes and decay lengths
are relatively lax, provided that there are extra channels
that ensure efficient cosmological annihilation of meta-
stable particles.
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APPENDIX: MUON INJECTIONS
IN EARLY BBN

Although muon injection related constraints are rela-
tively weak and do not affect our main result, Fig. 6, in this
appendix we provide additional details concerning the
effects of muon injections on Y, and N to verify that
they are subdominant to the residual annihilation to pions in
the m, < mg < 2m, mass range.

1. Neutron enrichment

Muon injection physics differs from the previous scenar-
ios of meson and baryon injection considered in Sec. I A.
The direct charge exchange is through the weak force, as
opposed to the strong force in the other cases, and is
completely negligible over the lifetime of the muon.
Instead, the reactions can happen via the energetic neutrinos
emitted by the muon decays. The general case for v 4+ X
injection in BBN is treated in Ref. [64], and the specific case
of muon injection after t ~ 100 s has been covered in
Ref. [44], to which we refer the reader for details.
Assuming stopped muons, the authors solved for the
injected neutrino energy spectrum, including red-
shifting and averaged over flavor oscillations, to be inte-
grated in the n — p conversion rate. At earlier times, we
know background neutrinos are coupled to e* down to
T =2 MeV, and energetic injected neutrinos must accord-
ingly deplete their energy efficiently as well. Summing over
the possible interactions with the background neutrinos and
e™ [65], the collision rate of an injected electron neutrino
with the bath is given by

075033-13



ANTHONY FRADETTE and MAXIM POSPELOV
1—‘coll(E T)

Tr
=135 G:E,[(5+ g1 + gr)T) + 4(gt + gr)n(T)Ty].

(B VBT (T 3 (T
32 MeV / [sec \ 1 MeV sec VP \TMev) |
(A1)

gL = 1/2 +sin? 0, gr = sin®@,,, while y(T) = 1 for T >
m, and exponentially falls to O at lower temperatures. We
follow the implementation of Ref. [44] and correct for the
removal of energetic neutrinos coupled to the electromag-
netic plasma by adding an effective collision lifetime in the
neutrino energy distribution (normalized on n,),

o dT e~
H(T)T,

T
E T _ [N Teoll (Bv=-T2)
XFe<EwL e f T, )
T,

fe(T’ Eu) =IsYy .
(A2)

where F, is the distribution at injection time 7’|, averaged
over flavor oscillations. The charge-exchange rate to be
inserted in the Boltzmann Eq. (19) is

Ey _
FI;an = nb(T) / OJ;mfe(T’ Ev)dEu (A?’)
0

and similarly for the reverse np direction. The resulting
constraints are shown in Fig. 3. Our results lean on the
conservative side on a few assumptions. For simplicity, we
assumed one collision for the neutrino thermalization,
instead of following energy degradation over a shower of
multiple interactions. Moreover, we took the collision time
of the electron-neutrino, even though there are muon-
neutrino states in the oscillations. Since Fcoll > Fcon,
overestimate the actual collision time and the overall
conversion rate should be slightly larger.

2. Energy injection partitioned between photon and
neutrino baths (e.g., muon injection)

The case for energy injection from muons with respect to
Ngr 1s somewhat interesting as its decay products, neu-
trinos and electrons, clearly deposit their energy in two
different baths, once everything is decoupled. Both 7', and
T, will rise, but since the two neutrinos carry more energy
than the electron for a muon decay, we expect a rise in N;-.
More precisely, we solve a similar set of equations as (37),
except the photon bath absorbs a & proportion of the S
decay energy and the neutrino bath gets the remaining
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(1 = &) portion. Before neutrino decoupling, the radiation
bath evolves as in Eq. (38). Each decay product carries on
average the energy [44]
(E,) =37.0 MeV, (
<E,,”> = 37.0 MeV.

E,) =317 MeV,
(A4)

After neutrino decoupling, the energetic neutrinos can still
collide with the ambient electrons until Fcoll . < H, where
I, is the collision rate with electrons only, the T,-
dependent term in Eq. (A1). Then, the energy distributed to

the photon bath separates into two regimes,

e

r r
(E.) +-2==(E,,) +-3=(E,)

X . r
51 — coll coll —_ 0.477
my,
E
& = Ee) _ 0.35, (A5)
ny,
where the muon-neutrino collision term is given by
Teon(E,.T) = EGZE [(5+ (9= 1) + )T}
+4((g. = 1)? + go)n(T)T7]. (A6)

Following the same procedure as in Sec. III B, we find

cs(0g,10(1-6)-63,) [z + <
2("»2(111!}” FS 9y

5§y+e+§b +

Negg =3 % . ’
g rre(1=62)=6:9,
0Gy4e + 9, — W \/F:s _ &fﬁ
(A7)
C=06(&—&1)G(teon) +6(&1 — gy—»—e)G(tSCCOup)
+&(1-6)G(t.), (A8)

with 7. found by solving I'te, . = H. The physics is
constrained by N < 3.37. The time dependence of the
departure from Nz = 3 is shown for 73 = 0.2 s and the
two choices of 79 in Fig. 5. The corresponding constraints
on the maximal stored energy for a given lifetime are shown
on the right. For comparison with the muon-induced Y,
bound, we display the curve for mg =250 MeV from
neutron enrichment in purple. Independently from the
choice of 7Y, the Y, bounds from u injection are more
constraining for 7y 2 0.2 s than its Ny impact, while the
annihilation to z"z~ provides the dominant constraint in
the entire 2m,, < mg < 2m,, range.

075033-14



BBN FOR THE LHC: CONSTRAINTS ON LIFETIMES OF ...

[1] P. W. Graham, D. E. Kaplan, S. Rajendran, and P. Saraswat,
J. High Energy Phys. 07 (2012) 149.

[2] N. Craig, A. Katz, M. Strassler, and R. Sundrum, J. High
Energy Phys. 07 (2015) 105.

[3] E. Izaguirre and B. Shuve, Phys. Rev. D 91, 093010
(2015).

[4] B. Batell, M. Pospelov, and B. Shuve, J. High Energy Phys.
08 (2016) 052.

[5] V. Khachatryan et al. (CMS Collaboration), Phys. Rev. D
91, 052012 (2015).

[6] G. Aad ef al. (ATLAS Collaboration), Phys. Rev. D 92,
072004 (2015).

[7] G. Aad et al. (ATLAS Collaboration), Phys. Rev. D 92,
012010 (2015).

[8] J. P. Chou, D. Curtin, and H. J. Lubatti, Phys. Lett. B 767, 29
(2017).

[9] R.H. Cyburt, B.D. Fields, K. A. Olive, and T.H. Yeh,
Rev. Mod. Phys. 88, 015004 (2016).

[10] K. Jedamzik and M. Pospelov, New J. Phys. 11, 105028
(2009).

[11] M. Pospelov and J. Pradler, Annu. Rev. Nucl. Part. Sci. 60,
539 (2010).

[12] D. O’Connell, M.J. Ramsey-Musolf, and M.B. Wise,
Phys. Rev. D 75, 037701 (2007).

[13] M. Pospelov, A. Ritz, and M. B. Voloshin, Phys. Lett. B
662, 53 (2008).

[14] B. Batell, M. Pospelov, and A. Ritz, Phys. Rev. D 83,
054005 (2011).

[15] K. Schmidt-Hoberg, F. Staub, and M.W. Winkler,
Phys. Lett. B 727, 506 (2013).

[16] J.D. Clarke, R. Foot, and R.R. Volkas, J. High Energy
Phys. 02 (2014) 123.

[17] S. Alekhin et al., Rep. Prog. Phys. 79, 124201 (2016).

[18] J. Berger, K. Jedamzik, and D.G. E. Walker, J. Cosmol.
Astropart. Phys. 11 (2016) 032.

[19] V. Silveira and A. Zee, Phys. Lett. 161B, 136 (1985).

[20] J. McDonald, Phys. Rev. D 50, 3637 (1994).

[21] C.P. Burgess, M. Pospelov, and T. t. Veldhuis, Nucl. Phys.
B619, 709 (2001).

[22] J.M. Cline, K. Kainulainen, P. Scott, and C. Weniger,
Phys. Rev. D 88, 055025 (2013); 92, 039906(E)
(2015).

[23] P. Athron et al. (GAMBIT Collaboration), Eur. Phys. J. C
77, 568 (2017).

[24] G. Belanger, B. Dumont, U. Ellwanger, J. F. Gunion, and
S. Kraml, Phys. Rev. D 88, 075008 (2013).

[25] J.R. Ellis, M. K. Gaillard, and D.V. Nanopoulos, Nucl.
Phys. B106, 292 (1976).

[26] J.R. Ellis, M. K. Gaillard, D. V. Nanopoulos, and C.T.
Sachrajda, Phys. Lett. 83B, 339 (1979).

[27] S. Raby and G. B. West, Phys. Rev. D 38, 3488 (1988).

[28] T.N. Truong and R.S. Willey, Phys. Rev. D 40, 3635
(1989).

[29] M. Drees and K. i. Hikasa, Phys. Lett. B 240, 455 (1990);
262, 497(E) (1991).

[30] A. Djouadi, J. Kalinowski, and M. Spira, Comput. Phys.
Commun. 108, 56 (1998).

[31] F. Bezrukov and D. Gorbunov, J. High Energy Phys. 05
(2010) 010.

PHYSICAL REVIEW D 96, 075033 (2017)

[32] M. B. Voloshin, Yad. Fiz. 44, 738 (1986) [Sov. J. Nucl.
Phys. 44, 478 (1986)].

[33] H. Leutwyler and M. A. Shifman, Nucl. Phys. B343, 369
(1990).

[34] J.F. Donoghue, J. Gasser, and H. Leutwyler, Nucl. Phys.
B343, 341 (1990).

[35] B. Hyams et al., Nucl. Phys. B64, 134 (1973).

[36] M. Spira, Fortschr. Phys. 46, 203 (1998).

[37] J.F. Gunion, H.E. Haber, G.L. Kane, and S. Dawson,
Front. Phys. 80, 1 (2000).

[38] D. McKeen, Phys. Rev. D 79, 015007 (2009).

[39] G. Steigman, B. Dasgupta, and J. F. Beacom, Phys. Rev. D
86, 023506 (2012).

[40] K. Griest and D. Seckel, Phys. Rev. D 43, 3191 (1991).

[41] V.F. Mukhanov, Int. J. Theor. Phys. 43, 669 (2004).

[42] M. Srednicki, R. Watkins, and K. A. Olive, Nucl. Phys.
B310, 693 (1988).

[43] M. H. Reno and D. Seckel, Phys. Rev. D 37, 3441 (1988).

[44] M. Pospelov and J. Pradler, Phys. Rev. D 82, 103514
(2010).

[45] K. Kohri, Phys. Rev. D 64, 043515 (2001).

[46] M. Kawasaki, K. Kohri, and T. Moroi, Phys. Rev. D 71,
083502 (2005).

[47] M. Kawasaki, K. Kohri, and N. Sugiyama, Phys. Rev. D 62,
023506 (2000).

[48] P.A.R. Ade et al. (Planck Collaboration), Astron. As-
trophys. 594, A13 (2016).

[49] M. Kawasaki, K. Kohri, and N. Sugiyama, Phys. Rev. Lett.
82, 4168 (1999).

[50] A.D. Dolgov, Phys. Rep. 370, 333 (2002).

[51] M. Kawasaki, K. Kohri, and T. Moroi, Phys. Lett. B 625, 7
(2005).

[52] R.H. Cyburt, J.R. Ellis, B.D. Fields, and K. A. Olive,
Phys. Rev. D 67, 103521 (2003).

[53] K. Jedamzik, Phys. Rev. D 74, 103509 (2006).

[54] J.R. Ellis, K. A. Olive, and E. Vangioni, Phys. Lett. B 619,
30 (2005).

[55] S. Dimopoulos, R. Esmailzadeh, L.J. Hall, and G.D.
Starkman, Astrophys. J. 330, 545 (1988).

[56] M. Pospelov and J. Pradler, Phys. Rev. Lett. 106, 121305
(2011).

[57] R. Cooke, M. Pettini, R. A. Jorgenson, M. T. Murphy, and
C.C. Steidel, Astrophys. J. 781, 31 (2014).

[58] M. Lisovyi, A. Verbytskyi, and O. Zenaiev, Eur. Phys. J. C
76, 397 (2016).

[59] R. Barate et al., Eur. Phys. J. C 5, 205 (1998).

[60] E.K.G. Sarkisyan, A.N. Mishra, R. Sahoo, and A.S.
Sakharov, Phys. Rev. D 93, 054046 (2016); 93, 079904
(E) (2016).

[61] E.D. Carlson, M. E. Machacek, and L. J. Hall, Astrophys. J.
398, 43 (1992).

[62] Y. Hochberg, E. Kuflik, T. Volansky, and J. G. Wacker,
Phys. Rev. Lett. 113, 171301 (2014).

[63] N. Bernal and X. Chu, J. Cosmol. Astropart. Phys. 01
(2016) 006.

[64] T. Kanzaki, M. Kawasaki, K. Kohri, and T. Moroi, Phys.
Rev. D 76, 105017 (2007).

[65] A.D. Dolgov, S. H. Hansen, and D. V. Semikoz, Nucl. Phys.
B503, 426 (1997).

075033-15


https://doi.org/10.1007/JHEP07(2012)149
https://doi.org/10.1007/JHEP07(2015)105
https://doi.org/10.1007/JHEP07(2015)105
https://doi.org/10.1103/PhysRevD.91.093010
https://doi.org/10.1103/PhysRevD.91.093010
https://doi.org/10.1007/JHEP08(2016)052
https://doi.org/10.1007/JHEP08(2016)052
https://doi.org/10.1103/PhysRevD.91.052012
https://doi.org/10.1103/PhysRevD.91.052012
https://doi.org/10.1103/PhysRevD.92.072004
https://doi.org/10.1103/PhysRevD.92.072004
https://doi.org/10.1103/PhysRevD.92.012010
https://doi.org/10.1103/PhysRevD.92.012010
https://doi.org/10.1016/j.physletb.2017.01.043
https://doi.org/10.1016/j.physletb.2017.01.043
https://doi.org/10.1103/RevModPhys.88.015004
https://doi.org/10.1088/1367-2630/11/10/105028
https://doi.org/10.1088/1367-2630/11/10/105028
https://doi.org/10.1146/annurev.nucl.012809.104521
https://doi.org/10.1146/annurev.nucl.012809.104521
https://doi.org/10.1103/PhysRevD.75.037701
https://doi.org/10.1016/j.physletb.2008.02.052
https://doi.org/10.1016/j.physletb.2008.02.052
https://doi.org/10.1103/PhysRevD.83.054005
https://doi.org/10.1103/PhysRevD.83.054005
https://doi.org/10.1016/j.physletb.2013.11.015
https://doi.org/10.1007/JHEP02(2014)123
https://doi.org/10.1007/JHEP02(2014)123
https://doi.org/10.1088/0034-4885/79/12/124201
https://doi.org/10.1088/1475-7516/2016/11/032
https://doi.org/10.1088/1475-7516/2016/11/032
https://doi.org/10.1016/0370-2693(85)90624-0
https://doi.org/10.1103/PhysRevD.50.3637
https://doi.org/10.1016/S0550-3213(01)00513-2
https://doi.org/10.1016/S0550-3213(01)00513-2
https://doi.org/10.1103/PhysRevD.88.055025
https://doi.org/10.1103/PhysRevD.92.039906
https://doi.org/10.1103/PhysRevD.92.039906
https://doi.org/10.1140/epjc/s10052-017-5113-1
https://doi.org/10.1140/epjc/s10052-017-5113-1
https://doi.org/10.1103/PhysRevD.88.075008
https://doi.org/10.1016/0550-3213(76)90382-5
https://doi.org/10.1016/0550-3213(76)90382-5
https://doi.org/10.1016/0370-2693(79)91122-5
https://doi.org/10.1103/PhysRevD.38.3488
https://doi.org/10.1103/PhysRevD.40.3635
https://doi.org/10.1103/PhysRevD.40.3635
https://doi.org/10.1016/0370-2693(90)91130-4
https://doi.org/10.1016/0370-2693(91)90629-5
https://doi.org/10.1016/S0010-4655(97)00123-9
https://doi.org/10.1016/S0010-4655(97)00123-9
https://doi.org/10.1007/JHEP05(2010)010
https://doi.org/10.1007/JHEP05(2010)010
https://doi.org/10.1016/0550-3213(90)90475-S
https://doi.org/10.1016/0550-3213(90)90475-S
https://doi.org/10.1016/0550-3213(90)90474-R
https://doi.org/10.1016/0550-3213(90)90474-R
https://doi.org/10.1016/0550-3213(73)90618-4
https://doi.org/10.1002/(SICI)1521-3978(199804)46:3%3C203::AID-PROP203%3E3.0.CO;2-4
https://doi.org/10.1103/PhysRevD.79.015007
https://doi.org/10.1103/PhysRevD.86.023506
https://doi.org/10.1103/PhysRevD.86.023506
https://doi.org/10.1103/PhysRevD.43.3191
https://doi.org/10.1023/B:IJTP.0000048169.69609.77
https://doi.org/10.1016/0550-3213(88)90099-5
https://doi.org/10.1016/0550-3213(88)90099-5
https://doi.org/10.1103/PhysRevD.37.3441
https://doi.org/10.1103/PhysRevD.82.103514
https://doi.org/10.1103/PhysRevD.82.103514
https://doi.org/10.1103/PhysRevD.64.043515
https://doi.org/10.1103/PhysRevD.71.083502
https://doi.org/10.1103/PhysRevD.71.083502
https://doi.org/10.1103/PhysRevD.62.023506
https://doi.org/10.1103/PhysRevD.62.023506
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1103/PhysRevLett.82.4168
https://doi.org/10.1103/PhysRevLett.82.4168
https://doi.org/10.1016/S0370-1573(02)00139-4
https://doi.org/10.1016/j.physletb.2005.08.045
https://doi.org/10.1016/j.physletb.2005.08.045
https://doi.org/10.1103/PhysRevD.67.103521
https://doi.org/10.1103/PhysRevD.74.103509
https://doi.org/10.1016/j.physletb.2005.05.066
https://doi.org/10.1016/j.physletb.2005.05.066
https://doi.org/10.1086/166493
https://doi.org/10.1103/PhysRevLett.106.121305
https://doi.org/10.1103/PhysRevLett.106.121305
https://doi.org/10.1088/0004-637X/781/1/31
https://doi.org/10.1140/epjc/s10052-016-4246-y
https://doi.org/10.1140/epjc/s10052-016-4246-y
https://doi.org/10.1007/s100529800975
https://doi.org/10.1103/PhysRevD.93.054046
https://doi.org/10.1103/PhysRevD.93.079904
https://doi.org/10.1103/PhysRevD.93.079904
https://doi.org/10.1086/171833
https://doi.org/10.1086/171833
https://doi.org/10.1103/PhysRevLett.113.171301
https://doi.org/10.1088/1475-7516/2016/01/006
https://doi.org/10.1088/1475-7516/2016/01/006
https://doi.org/10.1103/PhysRevD.76.105017
https://doi.org/10.1103/PhysRevD.76.105017
https://doi.org/10.1016/S0550-3213(97)00479-3
https://doi.org/10.1016/S0550-3213(97)00479-3

