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The relic cosmological abundance of stable or long-lived, charge neutral, colored particles gets reduced
by up to 4 orders of magnitude by annihilations that occur after QCD confinement. We compute the
abundance and the cosmological bounds on relic gluinos. The same postconfinement effect strongly
enhances coannihilations with a lighter dark matter particle, provided that their mass difference is below a
few giga-electron volts. Charged colored particles (such as stops) can instead form baryons, which can be

(quasi)stable in some models.
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I. INTRODUCTION

Extensions of the Standard Model (SM) sometimes
predict (quasi)stable colored particles. We show that, due
to nonperturbative QCD effects, their relic abundance is
significantly lower than previously expected, correspond-
ingly reducing the phenomenological constraints.

Weak-scale supersymmetry has been considered the most
motivated extension of the SM, as it allows one to control
quadratically divergent corrections to the Higgs mass keep-
ing them naturally small; improves the prediction for the
gauge couplings in SU(S) unification; and provides dark
matter (DM) candidates. The plausibility of the naturalness
goal is now endangered by the lack of any new physics in
LEP [1] and LHC data [2]. Furthermore, the Higgs mass is
larger than what was predicted by the minimal supersym-
metric Standard Model with weak-scale sparticles.

Split supersymmetry [3,4] (where the new supersym-
metric fermions are much lighter than the new super-
symmetric scalars) abandoned the naturalness goal,
retaining the two other good features, allowing one to fit
the Higgs mass [5,6], and relaxing the possible super-
symmetric flavor problem caused by weak-scale sfermions.
If sfermions are very heavy, the light gauginos can become
long-lived, giving peculiar signatures at colliders and
potential cosmological problems. These were explored in
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[7], where the relic gluino abundance (before late gluino
decay in neutralino and colored SM particles) was com-
puted including perturbative gluino annihilations at 7 ~ M3
and arguing that one can neglect nonperturbative effects
arising after confinement at 7 ~ Aqcp. Such effects reduce
the relic gluino abundance by a few orders of magnitude
[8], thereby weakening cosmological bounds.

The relevance of confinement effects has been estimated
in [9] in the case of colored charged particles. Unlike in the
case of the neutral gluino, QCD bound states of charged
particles can be formed or broken by emitting or absorbing
photons. We will consider the case of (quasi)stable stop 7.

In Sec. II we compute the thermal relic abundance of
(quasi)stable gluinos, and in Sec. IIl we reconsider the
cosmological bounds and discuss the associated phenom-
enology. Conclusions are given in Sec. IV.

II. RELIC GLUINOS

We consider a Majorana fermion in the adjoint of SU(3).
In supersymmetric models this is known as gluino and
denoted as §. The gluino can be stable if it is the lightest
supersymmetric particle. Otherwise it can decay via squark
exchange into a quark, an antiquark, and a neutralino or
chargino, or radiatively into a gluon and a neutralino, with
quarks and squarks in the loop. The resulting lifetime is
long if sfermions have a much heavier mass mgygy [10,11],

TN:ﬁ mMsusy 4 (TeV? (1)
7 N \10°GeV) \ M, )’

where N is an order-one function [11]. A stable or long
lived gluino is probed and constrained by cosmology.
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FIG. 1. Predicted gluino abundance. Relic stable gluinos

exceed the DM density if M, 2 PeV. The bands show the
nonperturbative analytic result for oocp = 1/ AéCD (blue dots)
and ogcp = 47/ AéCD (red dots). The thin (thick) lines assume
that only singlet bound states (octet bound states, too) can form
with QCD size; similarly, the small (large) dots show our
numerical computation for some values of the gluino mass.
The relations among the gluino mass, the gluino lifetime, and the
scale of supersymmetry are displayed in Fig. 4.

A. Computing the relic gluino abundance

Figure 1 shows our result for the gluino relic abundance
before their possible slow decays. This is computed as
follows. The upper curves show the relic abundance after
a first decoupling at T ~ M;/25, as computed in various
approximations:

(1) at tree level in the perturbative expansion;

(2) taking into account Sommerfeld corrections the

s-wave annihilation cross section is [Eq. (2.24) of
[12], where the Sommerfeld S factors are defined]

27 1 1 1 9
Tamn el = 35 00 8S3 +§S3/2 + 55—1 + gﬂoss/z,
2
a3
00 =775 (2)
M;

(3) taking into account also a related effect: formation of
bound states [13].

These effects reduce by about 1 order of magnitude the

gluino abundance, controlled by the Boltzmann equation

eq2
s dz = _<Gannvrel>(Ygg] - )7 (3)

g

where z = M;/T, Y; = ny/s, s is the entropy density at
temperature 7, and H(T) is the Hubble constant.

If ;< Mp/ AéCD ~us, gluinos decay before the
QCD phase transition leaving no cosmological effects.
Otherwise, gluinos recouple as the temperature approaches
the QCD scale, and their relic abundance is determined by a
redecoupling at temperatures mildly below the QCD phase

transition. At this point gluinos have formed g and/or §qg’
hadrons which scatter with large cross sections ooep =
¢/A§cp Wwhere ¢~ 1, making about Mpi/Aqgcp ~ 10"
scatterings in a Hubble time. For comparison, the pro-
ton-proton elastic scattering cross section at low energy is
known to be 6, &~ 100 mb, corresponding to ¢ =~ 23.
Although gluinos are much rarer than gluons and quarks,
occasionally, two gluino hadrons meet forming a § g bound
state. Classically such a state has angular momentum ¢ ~
HVeb Where b~ 1/Aqcp is the impact parameter; y =~
M,/2 is the reduced mass; and v, ~ (T/M;)"/? is the
relative velocity. Thereby £ ~ (M;T)'/?/Aqcp is large for
My > Agcp 2 T. The quantum-mechanical total QCD
cross section for forming § g bound states is large because
many partial waves contribute. This can be parametrized
defining the maximal angular momentum as &,

\ ¢/2xM v,/ Agep obtaining (see, e.g., [14])

.
— c 20+ 1 .

oQcp = Op= 53—, 0= 4t —>—— sin?6,,  (4)
£=0 QCD 7 Vrel

where the phase shifts average to (sin®>&,) ~1/2. This
expectation is consistent with numerical results in toy
calculable models [15].

The cross section relevant for reducing the gluino
abundance is not ogcp, but the smaller cross section
Onn Tor forming § g states that annihilate into SM particles
before being broken. Assuming that a §§ with angular
momentum 7 and energy ~7 annihilates before being
broken with probability ¢, (T), one has'

'This intuitive picture can be formally justified writing a
network of Boltzmann equations, one for each bound state / with
different # and n. Such equations contain the formation rates y;,
the thermally averaged breaking rates I’ the annihilation rates
I's", and the decay rates among the states I';;. This is unpractical,
given that hundreds of states play a relevant role. To get some
understanding, we consider a toy system where only one state 1
can be produced, and only one state 3 can annihilate. State 1 can
decay to state 2, which can decay to state 3. Then, assuming that
the rates are faster than the Hubble rate, one can reduce the
network of Boltzmann equations [13] to the single Boltzmann
equation (3) for the total gluino density, controlled by an effective
annihilation rate equal to py, where

Iy

= BR;BRy3, T hreak ’
% 12bRo3 Ty, 1 ok

BRj; =

I
F23 + l—*grea.k + BRIZFtI)reak ’

BRy; = (5)

where the last term takes into account that 2 can upscatter to 1.
We see that p does not depend on I'§"™ and has the expected
physical meaning. In view of QCD uncertainties we cannot
compute all order unity factors, such that it is appropriate to
employ the simpler intuitive picture.
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fmux

= Zﬂf@ﬂ (6)
£=0

O-ann

A large cross section needs large £, but g, can be small at
large . We compute g, as the probability that the §§
bound state radiates an energy big enough to become
unbreakable (bigger than ~T) before the next collision,
after a time At~ 1/n,v,6qcp- In such a case it becomes
unbreakable and keeps radiating until §§ annihilate.

The key quantity to be computed is thereby the
power radiated by the relevant bound states that have
n, > 1. In the Abelian case, this is well approximated
by its classical limit: Larmor radiation. Having assumed
neutral constituents, we can neglect photon radiation.
Similarly, gravitational radiation has cosmologically negli-
gible rates Iy, ~ E3/M3,. The dominant radiation mecha-
nism is gluon radiation, which differs from Abelian radiation
because gluons are charged under QCD. This makes a
difference when (as in our case) particles are accelerated
because of the strong force itself. While a photon can be soft
and its emission leaves the bound state roughly unchanged,
an emitted gluon has its own QCD potential energy, and its
emission changes the QCD potential among gluinos by an
order one amount (in particular, a singlet bound state
becomes an octet). As the classical limit of gluon emission
is not known, we apply the quantum formulas.

We need to compute the power radiated by highly
excited bound states, with sizes of order 1/Agcp.
Smaller bound states can be approximated by the

|

_a@ a3 (11 —
V(r) _/1{ r [1 T (7 + 14(}’E+1H/”)H r<1/Aqcp  [16],

Xlattice
— = + or
P (o2

where 1 = (Cg + Cr — Cp)/2 for the potential among
representation R and R’ in the Q configuration with C; = 0,
C3 =4/3, Cg =3 being the Casimirs. So 1 =3 (3/2)
for the potential among octets in the singlet (octet)
configuration. Lattice simulations indicate o3jyce ~ 0.3
and ¢ ~ (0.4 GeV)2. The one-loop correction to the per-
turbative term means that the QCD potential is roughly
given by the tree level potential with the strong
coupling renormalized at the renormalization group

equation scale g~ 1/r. At finite temperature o(7) =~

0(0)y/1 = T?/Thep, with Tocp ~ 170 MeV [17].

The product of two color octets decomposes as
8R8=1,08, D8 D10, ® 10, ® 275, (8)

such that there are three attractive channels and the gluino
bound states exist in the following configurations:

Coulomb-like nonrelativistic limit of the QCD potential
and can have various color configurations, in particular
singlets and octets. At large distances, they appear as color
singlets because they are surrounded by a soft gluon cloud
at a distance of order 1/Aqcp, Which acts as a spectator
when computing their inner behavior. In the opposite
limit, states larger than 1/Aqcp can only be color-singlet
hadrons. For our purpose what is needed are QCD-size
bound states which are the most challenging, as confine-
ment effects are starting to be relevant. We will estimate
their effect into two opposite limits:

(8) assuming that color octet bound states are relevant,
such that radiation is dominated by single-gluon
emission (pion emission after hadronization) into
singlet states. This is computed in Sec. II B.

(1) assuming that only color singlets exist, such that
radiation is dominated by color-singlet double-gluon
emission (pion emission after hadronization) among
singlets. This is computed in Sec. I C.

While the two cases are analytically very different (e.g.,
different powers of the strong coupling), QCD is relatively
strongly coupled so that the numerical final results in the
two limiting cases will be similar.

Before starting the computations, we summarize generic

results for QCD bound states.

1. The bound states

We compute the energy levels of the §g bound states
assuming the nonrelativistic QCD potential

r~ l/AQCD [17},

Color | Vie. 1 | Allowed ¢
Ig =3az/r 3 evenif =0, oddif S=1
84 —%a3/r 3/2 | evenif S=1, oddif S=0
8 —3a3/r 3/2 | evenif S=0, oddif S=1
9)
The energy eigenvalues in a potential V = —agg/r + G
are [18]
2
~ P %t 1
Enf ~ T |:— E + 12tn€x}
{ —uazy/2n? Coulomb limit (10)
© 3(x0e)¥3 /24" stringlimit

where pu~M;/2 is the reduced mass, £={0,1,...} is the
angular momentum, n>1+¢,x = 1.79(n = ¢) + £ — 0.42,
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FIG. 2. Quantum energy levels of a § § bound state which have
energy close to 0. Values of n are shown.

€ = Oo/4a’u? is a dimensionless number, and 7 is the
positive solution to ¢ = 1—-4n’exs>. In the limit where the
Coulomb force dominates one has ¢t ~ 1 and e ~ 0; bound
states have size n’a, where ay, = 1/ua.g is the Bohr radius.
The linear force dominates when n’ag > \/a.f/0~1/Agcp.

Figure 2 shows the energy levels with nearly zero energy
for Mz =3 TeV.

2. The breaking rate

The probabilities g, that a given state radiates enough
energy before being broken by a collision can be computed
in two different ways.

Based on classical intuition, one can simply compare
its energy loss rate with the breaking rate. While this
simplification holds in the Abelian case, we have to deal
with a non-Abelian dynamics, where gluon emission
changes singlet to octet states, and vice versa. This is
relevant, as singlet and octet decay rates are significantly
different (especially for some singlet states that only decay
through higher-order effects, as discussed below). It is not
clear what is the classical limit of this system in the limit of
large quantum numbers n, Z.

We then perform a quantum computation, determining
the p, by simulating transitions among the many different
states. This is feasible up to masses M; ~ 10 TeV, because
it involves a growing number of states at larger Mj.

We then need the breaking rate of the individual bound
states. Thermal equilibrium between direct and inverse
processes (also known as the Milne relation) does not
allow one to infer the breaking rates from the total creation
rate, because the latter is cumulative over all bound states.
We assume that the breaking rate is given by the thermal
average of the pion scattering cross section, assumed to
be equal to 1 /AéCD, and perform the thermal average
(Gpreak Vrel) OVer the distribution of pions with energies large
enough to break the bound states. The number density of

pions with enough energy to break a bound state with
binding energy Ejp is

(T (Ep +my))*" (_
2\/57[3/2

E
nS(E, > Ep) ﬂ)

T
(11)

such that <Fbreak> ~ <Gbreak Urel > ni'q (Eﬂ > Ep ) :

B. Color octet states and single-gluon emission

We here assume that two colliding § can form a § § system
with all 64 possible color configurations of Eq. (8), and with
relative weights determined by combinatorics rather than by
energetics. Then the effective annihilation cross section is
determined summing over attractive channels as

1 1 s | 3
Oann X —Gelmn + = (O'aﬁn + Uaﬁn)'

64 8 (12)

We fix the proportionality factor to =4 such that the total
cross section is ogcp = ¢/ AéCD, where ¢ ~ 1 parametrizes
our ignorance of the overall QCD cross section. The

annihilation cross section is dominated by agﬁn because
the state 8, radiates much more than 1 or 8. Indeed,
because of selection rules, single-gluon emission allows the
following decays with AZ = +£1:

1 -8, 8, — 1,8 (13)
Taking hadronization into account two pions are emitted,
such that the binding energy of the final state E; must be
larger than Ep + 2m,; otherwise, the decay is kinematically
blocked. If the energy gap is somehow bigger than Agep,
inclusive decay rates can be reliably computed treating the
gluon as a parton.

Since the 1 state is more attractive than 8g 4, the above
conditions are easily satisfied for the 8, — 1 decay, while
1 — 84 decays are kinematically blocked at larger # and
allowed at small enough ¢ (elliptic enough classical orbit),
but suppressed with respect to the Abelian result.

In our numerical results we sum over all possible final
states using wave functions computed in Wentzel-Kramers-
Brillouin approximation using the Langer transformation.
We also provide a simple approximated analytic result
obtained assuming Coulombian wave functions (which
is vali% for deep final states, but not for the QCD-size initial
states)

85 - 8A'

8a7y2
gﬂ, an(gA - lS) = ;

a g (14)

’In the same approximation, the smaller energy radiated into
8 is given by a Larmor-like formula, given that the initial and the
final states are equally attractive.
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The decay rate must be compared with the thermal
breaking rate, which is given by pion scatterings such as
(99) + 7 — (39) + (gg) + . Since we considered bound
states made of neutral gluinos, they are not broken by
photon scatterings to leading order. The result is very
simple: the 8, decay rate is so fast that its actual value
is irrelevant; all 8, allowed states have p, =1 at the
relevant temperatures 7' < Agcp. On the other hand, 8¢ and
1 states contribute negligibly. Then, the annihilation rate
is controlled by a much simpler condition: 8, bound
states with binding energy Ez ~ T only exist up to some
maximal £ < £ ,,.s, Which can be easily computed. For
My =3 TeV Fig. 2 shows that ¢ ,,,g ~25. For generic
My>T, s is well approximated by imposing the
vanishing of E,, in Eq. (10), finding

3MZa\ 1/4
fmaxS = (12€t2)_1/4 ~ <—16y63> (15)

having approximated 7= 1 in the last expression. Using
Eq. (10), the deepest available singlet state has energy gap
AE = %\/30530 ~ 0.9 GeV (see also Fig. 2) and can only
decay via higher order processes.

The effective annihilation cross section is

84 Cor
O-annzo-ann lE AAg2.2 fczzr’
2 2M

re]

I/ﬁcr = mln(fmax’ fmaxS)- (16)

At low (high) temperatures one has & ~ ¢ X VUpol
(fer = Crmaxg < v%)) such that the thermal average for

> 1 is <Gann Ure1> = 2GQCD \Y4 T/”Mf] (<Uannvrel> =

\/3ma3 /16M 310). Taking the minimum of these two limits

L T ]V{g, =3TeV, 84 decays

L oqcp = 4n/Adep 1

~ ",
= 107! 1
o 1
£ ]

= -"

\é 1072 %> oqcp = 1/Ajep

1 -3 L Lo L Lo
0001 0.003 0.01 0.03 0.1

Temperature in GeV

FIG. 3.

(which are equal at T =T, = m\/3a3/06/80qcp With
oqcp = ¢/ AéCD), we obtain an approximation valid at a
generic intermediate 7

2 0 for T > Tocp,

T

<6annvrel> = 0QCD m Tcr/T for T, <T< TQCD’
1 for T <T,.

(17)

The Boltzmann equation of Eq. (3) is approximatively
solved by

Yo(oo) m g 1 U“ gz {7 ]

g
gsmzm MyMpy | m, /7000 z

9\/ 5Mg/QSM
4UQCDTcr *Mp (3 VTocn/Ter =

where the dz integral is dominated by T ~ Tocp: for T, <
Tocp the abundance simplifies to

zMpy \| gsmTqcpo;
M; 170 MeV
~0.610717, |23 T2 VEY g
3 TeV TQCD

The final relic abundance does not have a strong depend-
ence on ogcp, as it is only relevant at relatively low
temperatures. The DM critical density is exceeded if
My 2 PeV. Figure 3(a) shows the full numerical result

(18)

=3TeV, s1nglet decays

F T T T T T 11T T T T T 17T T:
E oQcp = 47T/AQCD E
e -
= 107! E oqQcp = 1/AGep AR
@} F =7
—_ n ]
k= [ ]
3 |
£
g
£ 107 3
-3 Lt L L L L
0.001 0.003 0.01 0.03 0.1

Temperature in GeV

The effective annihilation cross section of gluino § § bound states, assuming that they form color-octet 8, states (left) or only

color-singlet states (right). The solid curves are the numerical computation, and the dashed lines are the maximal geometrical cross

sections given by the analytic approximation.
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for (6400 Vre)» Which agrees with the analytic maximal value
(apart from some smoothing at 7~ T.) up to about
50 MeV: thereby the numerical abundance is better
reproduced lowering Tocp to 50 MeV in Eq. (19). This
is done in the analytic estimate plotted in Fig. 1.

C. Color-singlet states and two-gluon emission

Single-gluon emission switches the color of the bound
state as 1 <> 8 and its angular momentum ¢ by =£1: as
a consequence kinematics blocks single-gluon decays of
various color-singlet bound states, roughly all the ones in
|

29 ~
ntl—-n 0 "~

2 [AE
30 / Akl (AE — k)?
167 0

1

Fig. 2 that do not have nearby octet states. In particular,
decays of singlet states with maximal ¢ are blocked, and
octet states with maximal # can (but need not) decay to
singlets with blocked decays.

We thereby take into account two-gluon emission, which
allows for 1 — 1 decays with AZ = {0, £2}. The rates of
2g transitions are mildly suppressed by O(a3) compared
with the 1g decay rates. If the energy difference AE is much
bigger than Agcp, gluon hadronization proceeds with unit
probability and the 2¢g decay widths can be computed using
second order nonrelativistic perturbation theory [19],

1 2

>

m,m’

<l//nf,m|ri{

where r; = {x,y,z} is the relative distance between the
two §; k is the momentum of the hadron produced in the
hadronization of the two outgoing gluons, AE=E,; ,—E, ,
and Hg the free Hamiltonian of the virtual intermediate octet
state. The angular part of the matrix elements, already carried
out in Eq. (20), imposes the selection rule |/ — | = 0, 2.
The two-gluon 1 <> 1 rates are given by an Abelian-like
expression, unlike the one-gluon 1 <> 8 transitions. The rates
for 8 — 8 two-gluon transitions are given by a similar
expression, with Hg replaced by H;.

Hadronization is possible down to the kinematical limit
AE ~2m,. However, the energy difference between two
singlet states with maximal #, |AZ| = 2, and nearby n is
~o3/4a3_1/ 4Mg_1/ 2 which, in view of the M suppression,
can be smaller than 2m,,. In such a case the decay can still
proceed through off-shell pions, which produce photons
and leptons. We estimate these suppressed decays follow-
ing Sec. 5.6 of [20]. We neglect multigluon emission,
which allows bigger jumps in 2.

The 2g rates are included in numerical computations
which assume that QCD-scale color octets exist. The result
was discussed in the previous subsection, as 2g decays give
a relatively minor correction.

We consider the opposite extreme possibility that octet
states with QCD size do not exist and that only color
singlets exist. We can again obtain an analytic lower bound
on the final § abundance by assuming that all singlet levels
fall fast. Then the cross section 6,,, & o.,, is only limited

by fmaxl = \/Zl/ﬂmaXS such that

T 0 for T > Tqcps
(CannVrel) = 0QCD M- Ty/T forT,<T< Tocps
U1 for T < T,

(21)

—-E, o+ Hg— k+ —E,p+ Hg — (AE— k)}"i|l//n’,ﬂ,m/>

: (20)

where now T, = my/3a3/c/46gcp. The resulting relic

gluino abundance is 2 times lower than in Eq. (18) and with
the new value of T',. Figure 3(b) shows that this limit only
holds at 7 <20 MeV, such that the analytic expression
reproduces the numerical value for Y by reducing Tocp
to ~20 MeV.

III. PHENOMENOLOGY

A. Cosmological bounds and signatures

Bounds on quasistable relics depend on their lifetime z5;
on their mass My; on their relic abundance, which for
gluinos we computed in terms of My; and on their decay
modes. As mentioned above, we assume that gluinos decay
to neutralinos [assumed to be the lightest supersymmetric
particle (LSP)] plus either a gluon or a quark and an
antiquark. Here we assume that half of the gluino energy is
carried away by the LSP; if the LSP is not much lighter than
the gluino, even less energy goes into SM states and one
would obtain weaker bounds.

Our final result is plotted in Fig. 4, using the thick red
dashed line of Fig. 1: even using updated experimental
bounds (discussed below), our bounds on a (quasi)stable
gluino are significantly weaker than those derived in [7].
The reason is that our relic density takes into account
nonperturbative gluino annihilations and is much smaller
than the “perturbative” gluino relic density assumed in [7];
see Fig. 1. In particular, we find that a (quasi)stable gluino
just above the present collider bounds is still allowed
provided that its lifetime is smaller than about 10'? s or
larger than about 10?? s.

In the rest of this section we summarize the various
bounds on decaying relics plotted in Fig. 4, moving from
smaller to larger lifetimes.
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FIG.4. Cosmological constraints on long-lived gluinos. Left: As a function of the gluino lifetime. Right: As a function of the sfermion
mass scale mgygy, Which in split supersymmetry determines the gluino lifetime.

1. Big bang nucleosynthesis

A gluino that decays during big bang nucleosynthesis
(BBN) can disturb the successful BBN predictions of
light element abundances, which get affected in different
ways, depending on the gluino lifetime (for more details
see [21,22])’:

(i) For 0.1 s<7; < 10% s the nucleons and antinu-
cleons, as well as the mesons with relatively long
lifetimes of O(107%) s comparable to the typical
mean free time for strong interactions (i.e., charged
pions and kaons), which are produced by gluino
decays, lose energy by electromagnetic interactions
with the thermal bath before scattering with back-
ground nuclei. Thus they do not have enough energy
to destroy light nuclei. However, they increase the
interconversion rate of the protons and neutrons
present in the thermal bath, e.g., via the strong
interaction process 7~ + p — #° + n. Since there
are more p than n in the thermal bath, this effect
increases the n/p ratio and as a consequence the
primordial “He mass fraction Y ,.

(i) For 7; 2 10? s the gluino decay products do not
thermalize before interacting with nuclei, due to the
lower temperature of the plasma at these times.
The still energetic nucleons (the mesons decay
before they can interact) can thus hadrodissociate
“He, which in turn also increases the D abundance
(e.g., via p + *He — D + °He).

*In addition, gluinos could also disturb the BBN predictions if
they participate themselves in the nuclear reactions occurring
during BBN [23,24]. This would be the case if the gluino R
hadrons bind into nuclei that are relevant during BBN. Since we
do not know whether this is the case, we ignore such effects here.

(iii) For ;> 107 s photodissociation of “He, which
induces increased *He and D abundances, becomes
relevant. Photodissociation is not relevant at earlier
times because the y spectrum is cut off at the
threshold energy Ef, ~ m2/(22T) [25] for et e~ pair
production from energetic y’s with thermal y’s, so
that photons are not energetic enough to break up
nuclei.

The resulting constraints have been computed in [21] and
updated and improved in [22]. The constraints are given in
the (zyx,&x) plane for different main decay modes of X,
where X is the unstable relic (the gluino in our case) and
&y = E,; Yy is its destructive power. Since we assume that
half of gluinos’ energy is carried away by the LSP we have
E.is~ M;/2. The bounds for the various hadronic decay
modes are similar since in all cases they induce hadronic
showers, and our bounds are based on the plot for the
ff mode.

The effects from photodissociation depend only on the
total injected energy, so that for 7; 2 107 s the bounds do
not explicitly depend on M to a good approximation. At
earlier times, the effects depend on the number of hadrons
produced in the hadronization process, which scales with
a power of M. Thus we fit the bounds, given in [22] for
My =1 TeV, 10 TeV, 10 TeV, 10° TeV, to a power-law
function of M.

The left-handed panel of Fig. 4 shows the resulting
bounds in green. In the right-hand panel we show the same
bounds with the gluino lifetime computed as a function of
the SUSY breaking scale mgygy.

2. Distortion of the CMB blackbody spectrum

Gluinos with lifetimes between ~107 s and ~10'3 s (the
latter corresponds to recombination) can lead to deviations
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of the cosmic microwave background (CMB) spectrum
from a blackbody form. When the Universe is 107 s old,
photon number changing processes such as double
Compton scattering are not efficient any more, so that
photons injected into the plasma can induce a chemical
potential u ~ 1.41 e/e [26] in the Bose-Einstein distribu-
tion of the CMB radiation, where [27]
)]

6.1 x10% s
{ < Ty )

After ~4 x 10''Q,h? s [27], elastic Compton scatterings
do not maintain thermal equilibrium anymore. An injection
of photons “Comptonizes” the spectrum; i.e., it leads to a
mixture of blackbody spectra of different temperatures.
This is described by the Compton y parameter, given by
y = de/4e [26].

The 95% C.L. limits from the FIRAS instrument on the
COBE satellite are |u| <9 x 107> and |y| < 1.5 x 1073
[28,29]. The resulting constraints on the gluino lifetime are
shown in pink in Fig. 4. Here we assumed that ~45%
(see, e.g., [30]) of the energy that is not carried away by the
LSP goes into photons. The resulting bounds are less
constraining than the BBN bounds. However, future
bounds from PIXIE [31] will be stronger by 2 to 3 orders
of magnitude, making the CMB sensitivity potentially
stronger than the BBN constraints.

M;Y;B,
§~4x1 -3
106 1079 GeV GeV

3. CMB anisotropies

The electromagnetic energy ejected into the gas at or
after recombination by decaying relics modifies the fraction
of free electrons and heats the intergalactic medium. This
leads to modifications of the CMB angular power spec-
trum, measured by Planck. The maximally allowed density
of a long-lived relic as a function of its lifetime has been
computed assuming decay products with fixed energies in
the range from 10 keV up to 10 TeV [32], respectively,
1 TeV [33]. The e*, e~ y from hadronic decays do not have
fixed energies, and moreover we do not know the energy
spectrum of the decay products of relics with a mass
significantly larger than 10 TeV. For very large gluino
masses the bounds we show are therefore only indicative.
We consider the middle of the band in [33] and obtain
bounds by assuming that half of gluinos’ energy goes into
SM states and that 60% (see, e.g., [30]) of the latter goes
into e, e”,y. In Fig. 4 we show the resulting constraints
for a gluino with a lifetime >10'? s in yellow.

4. The 21 cm line

If confirmed, the observation of an absorption feature in
the low energy tail of the CMB spectrum [34] allows us to
put an upper bound on the temperature of the intergalactic
medium (IGM) at redshift z ~ 17. Decays of relic particles

during the dark ages are constrained, mainly because they
inject energy in the IGM heating it, erasing the absorption
feature. Bounds on decaying DM particles, with masses up
to 10 TeV, have been computed in [35-37]. We rescale
these bounds to a generic abundance, still assuming that
half of gluino energy goes into SM states and that 60% (see,
e.g., [30]) of the latter goes into e, e™,y. The result is
shown in Fig. 4. Similar to the case of the CMB bounds in
the previous section, the 21 cm bounds for very large gluino
masses are only indicative and subject to significant
uncertainty.

5. Constraints from gamma-ray telescopes
and neutrino detectors

Decaying gluinos with larger lifetimes are constrained by
the measurement of cosmic ray spectra, in particular of
photons or neutrinos. We adopt the results of the authors
of [38] who computed limits on the lifetime of DM decaying
to bb, from data from the Fermi gamma ray telescope and
the neutrino detector IceCube, up to a DM mass of
10'2 GeV. We rescale the bounds of [38] taking into account
that the density of our relics differs from the DM density. The
authors of Ref. [38] derive bounds assuming a relic that
decays to bb. We assume that 50% of the gluino’s energy
goes to the LSP and the rest goes into hadronic decay
channels, which lead to similar spectra as bb. Figure 4 shows
the resulting constraints on a long-lived gluino from Fermi
(in blue) and IceCube (in orange). The IceCube limits exceed
the bounds from Fermi data for M; 2 107 GeV.

6. Searches for supermassive nuclei

Coming finally to stable gluinos, lattice simulations
indicate that they would form neutral gg hadrons [39], as
well as a minor component of baryonic states such as guud
(according to [40] the lightest gluino baryon could be guds).
They behave as strongly interacting Dark Matter. This is
allowed by the bounds from direct detection experiments
performed in the upper atmosphere and by searches for
supermassive nuclei in the Earth and in meteorites if their
relic abundance is a few orders of magnitude smaller than the
cosmological DM abundance, although the precise bound is
subject to considerable uncertainties (see the discussion in
[8]). In Fig. 4 we indicate the tentative constraints that arise
from the search for supermassive nuclei in meteorites by
Rutherford backscattering of 28U, Ngpvip/ Ny | metcorites < 2 X
107! [41], assuming a heavy nuclei capture cross section
of Gegpure = 1072/ Adycp. Presumably, there is still an open
window, from TeV masses above the LHC [9] up to about
10 TeV.

7. Higgs mass

In the right panel of Fig. 4 we considered split super-
symmetry, such that the gluino lifetime is computed as
a function of the sfermion mass mgygy; see Eq. (1).
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This scale is further constrained within the split minimal
supersymmetric Standard Model by the observed Higgs
mass, which is reproduced within the green region (for
different values of tanf}) in the (Ms, mgysy) plane. We
computed M, as in [6], assuming that gauginos and
Higgsinos are degenerate at the gluino mass M5 and that
all scalars are degenerate at mgygy. Allowing the masses to
vary and taking into account uncertainties on M, and as
slightly expands the region. Within the Higgs-allowed
region the gluino decays promptly on cosmological time-
scales, evading all cosmological bounds.

No prediction for the Higgs mass arises in extensions of
the minimal supersymmetric Standard Model. However,
roughly the same region is obtained imposing the meta-
stability bound on Higgs vacuum decay, which implies that
the Higgs quartic 15 cannot be too negative, 15 2 —0.05.
A substantially larger mgygy, such that the gluino is long
lived, is obtained assuming that Higgsinos are heavy
(possibly with masses of order mgygy: in such a case
the renormalization group equation for the Higgs quartic
are those of the SM (with slightly different values of ¢, 3
due to the light gluino and wino), and the Higgs quartic can
remain positive up to mgysy ~ Mp; within the uncertainty
range for the top quark mass.

B. Collider signals

Next, we discuss some aspects of the phenomenology of
long-lived gluinos at hadron colliders, in particular LHC.
Long-lived gluinos can be pair produced and after hadro-
nization form long-lived hybrid states with SM quarks and
gluons, known as “R hadrons.” We conservatively assume
that the signal at the LHC is just energy deposit in the
calorimeter, rather than charged particles in the tracker. It is
difficult to trigger on these events and so an initial state jet
is required. The LHC places the limit M; > 1.55 TeV on a
Majorana gluino [42].

The other possibility is the production of a §g§ bound
state. Assuming that states with £ = 0 dominate the rates,
they are color 8, with spin S = 1 and color singlets or 8
with § = 0 [see Eq. (9)]. The production cross sections are
given by gluon and quark fusion, respectively,

Z o 5 (CL, +8T5)
¢ )£

=M (L, + 855, (23)

‘Cuuruu + ‘Cddrfj/;’
=2
o= Z M; sn’

2

_ Aé; (~S) (LoaT + LaaT). (24)

g9

where L;; is the luminosity of partons ij. The decay rates
are given by [8]
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FIG. 5. The black curve is the dijet upper bound on the cross

section for production of spin-1 and spin-0 bound states from
LHC data at 13 TeV; the red (green) curve is the theoretical
prediction assuming a Majorana (Dirac) gluino. From this we
derive the experimental bounds (vertical lines). The thin vertical
line shows the bound from R-hadron searches.

8 8
Ty _ 9254 Tgs _ 903 Doy _ 30344
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g g g

(25)

with F = 2 for the Majorana gluino and F = 1 for a Dirac
particle, and with the channel strengths 1; =3 and

Since the resonances annihilate to two gluons or two
quarks, we assume a 100% branching ratio to two jets
and apply the LHC dijet bounds [43] to the sum of the
cross sections. In Fig. 5 we compare the bounds on the
resonances to, slightly stronger, the R-hadron bound.

Concerning future colliders, the expected reach of a
100 TeV hadron collider with 1000 fb~! is 7 (9) TeV for a
Majorana (Dirac) gluino, having used [44] to perform an
approximate rescaling. The R-hadron search would then
reach 10 TeV and 14.5 TeV, respectively. Thus a 100 TeV
collider would reach the benchmark mass of a thermally
produced Dirac gluino, which recently was found to be a
dark matter candidate [8].

C. Implications for dark matter coannihilations

The thermal relic abundance of a particle is affected by
coannihilations with particles of similar mass. One example
is coannihilations of neutralino DM with heavier colored
particles, e.g., gluinos. Coannihilations can be enhanced by
Sommerfeld corrections [12] and bound-state formation
[13,45]. We point out that a much bigger effect is produced
by nonperturbative QCD effects after the QCD phase
transition, if the mass splitting AM between the coanni-
hilating species is comparable to or smaller than Agep.
Such a near degeneracy is unnatural. This is shown in
Fig. 7(a) in the neutralino/gluino coannihilation case,
assuming that squarks mediate fast neutralino/gluino rates.
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We see that the neutralino mass that reproduces the
observed DM density gets much higher at AM < GeV.
In the limit AM <« GeV the relic abundance is dominantly
set by the new QCD annihilations. As a result, the
neutralino mass can reach up to a PeV, heavier than the
maximal relic DM mass allowed if DM annihilations are
dominated by partial waves with low 2 [14].

D. Quasistable squark

In the previous sections we considered a Majorana
gluino. A real scalar in the octet of SU(3), would behave
similarly to the Majorana gluino. On the other hand, a
(quasi)stable particle in the fundamental 3 of color SU(3),
can behave in a qualitatively different way. Since the 3 is
a complex representation, the particle must be a complex
scalar or a Dirac fermion, which can carry a conserved
charge.

For definiteness, we consider the possibility of a (quasi)
stable squark, and more specifically a stop 7, as renormal-
ization group equation effects tend to make 7 lighter than
other squarks. A stable stop arises if 7 is the lightest SUSY
particle (LSP) and R parity is conserved. A quasistable stop
arises if R parity is almost conserved, or if the stop decays
slowly into the LSP: this can happen, e.g., when the LSPis a
gravitino. Collider bounds on stops [46] tend to ignore the
possibility that the lighter stop 7 is the (quasi)stable LSP,
because it is perceived to be already excluded by cosmology.

In cosmology, perturbative QCD 7#* — gg annihilations
dominate over 77 — tt annihilations and leave a roughly
equal amount of relic 7 and 7*. Perturbative QCD annihi-
lations are enhanced by Sommerfeld and bound-state
effects, computed in [13]. The relic 7 abundance after
perturbative annihilations is plotted in Fig. 6 and approxi-
mated by

n M-
t t
s M (26)
S p1a3
0 C T T T T T T T ™
0% - - =
" E Baryon asymmetry Y}, 3
2
= jo2f emmammemmzmrIIIIIINY
I bats ittt 3
> 0B BrriiTIIV A SRR s Semmerteld o mm = g
Z O E === T DM, wlicmtnmdance 3
% 10-4 £~ " Pert. + Somm.t. Bound SRS« e = - bar (;lrL\s“M 4
3 pomTTTT Estimated Y3 for long lived stoP ¥ ! 3
T o105 B 3
o E 3
S 10k : . 3
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FIG. 6. Stop relic abundances. The 777 baryons could be
relatively long lived and have an abundance not suppressed by
QCD confinement effects.

For M; < PeV this is smaller than the baryon asymmetry
n,/s ~ 10710 that we neglect given that its effect is model
dependent. Indeed, we do not know how the baryon
asymmetry is generated: it might be generated at the weak
scale such that it would not affect heavier stops. Even if a
baryon asymmetry is present at stop decoupling, 77 <> 7*t
scatterings could easily concentrate the baryon asymmetry
to lighter baryons fast enough that the asymmetry is
irrelevant for stops. If instead the baryon asymmetry
enhances the relic stop abundance, bounds would become
stronger.

After the QCD phase transition, stops form hadrons. In
view of the large QCD cross sections, the stop hadrons with
dominant abundance are deeply bounded states that contain
stops only. They are 77* and the charged baryons 777. Both
fall to the ground state and decay through annihilations of
the constituents. In particular, a bound state containing two
or more stops decays, in its ground state, with a lifetime
;7 ~ a3M3 0770, Where the cross section for 77 — 7t can
be roughly estimated as 6770, ~ Zi:{1’2_3}a,2 /M2, ignor-
ing possible extra velocity suppressions. Then, I%; is
cosmologically fast unless gauginos (with masses M;)
are heavier than ~10'" GeV.

We expect a roughly equal number of 77* annihilations
for each produced 77 7 given that QCD group algebra implies
that both 77* and 77 feel an attractive Coulombian QCD
force, such that they can form deep, unbreakable,
Coulombian bound states. Assuming that a 7 binds with
probability ¢ to a 7 and with probability 1 — p to a 7* and
thereby that a deep 77 binds with probability 1 — @ to 7 and
with probability o to a 7*, the average number of 77* per
produced baryon is

(N7)
(N33 + Ny )

_p+1/(1-p)—1
N r+1/r—1 - (27)

This equals 3 assuming no baryon asymmetry » = N;/N;
and p = 1/2, namely neglecting that 77* is more attractive
than 7 7. Extra hadrons and mesons that contain quarks have
a much smaller abundance that is not relevant here. If the
charge 2 states 777 decay fast on cosmological scales, final
abundances and bounds are similar to the gluino case. If
(quasi)stable, they are instead subject to strong cosmologi-
cal constraints. In particular, during BBN 7#*7*7* can bind to
“He reducing its charge and thereby the Coulomb suppres-
sion of nuclear reactions, opening up a new channel for °Li
production,

(777 *He) + D — Li + P77, (28)
which can strongly alter lithium abundances (see [47] for a
brief review). Charge —1 states with lifetime >10° are
subject to the BBN bound ¥ < 2.5 x 10717 [23]. A study of
analogous constraints on relics with charge —2 is beyond the
scope of this paper.
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FIG. 7. Nonperturbative QCD annihilations that take place at T < Agcp significantly increase the DM neutralino mass such that the
observed DM abundance is reproduced through coannihilations with gluinos (left) or stops (right), if their mass difference with
neutralinos is smaller than a few GeV. In the case of stops (right panel), the big effect is only estimated and present only if stop baryons
decay to SM particles before decaying to neutralinos; otherwise confinement only gives a O(1) effect.

Next, we study the scenario where a quasistable stop
coannihilates with a slightly lighter DM neutralino.
Postconfinement effects are relevant if AM < GeV.
Roughly half of the stops form 77* mesons, and the others
form 777 baryons. The impact on the DM abundance is very
different, depending on which process dominates 777
decays. If it is dominated by stop annihilations into SM
particles, postconfinement effects strongly suppress the
DM abundance, similar to the gluino/neutralino coannihi-
lation scenario. A much smaller order one effect is obtained
if instead stops decay to DM neutralinos and SM particles
with rate I'; 2 I';;. The region where the DM abundance is
reproduced is estimated in Fig. 7(b) in the two extreme
possibilities, having assumed oocp = 1/ A(ZQCD'

IV. CONCLUSIONS

We have reconsidered the relic abundance of neutral
colored relics, finding that hadron collisions at temper-
atures below the QCD scale reduce it by a few orders of
magnitude. In particular, we considered a quasistable
gluino: Fig. 1 shows its relic abundance, and Fig. 4 the
cosmological constraints, taking into account the new effect
and new data.

Coannihilations between gluinos and neutralino DM are
similarly strongly affected by confinement, provided that
their mass difference is smaller than a few GeV, as shown in
Fig. 7(a).

In Sec. IlID we considered charged colored relics,
considering, in particular, the case of a quasistable stop.
In this case, confinement gives a big contribution to
coannihilations with neutralinos only if 777 baryons decay
into SM particles via 77 — ¢ before that stop decays to
neutralinos.
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APPENDIX: NON-ABELIAN BOUND STATES

Production cross sections and decay widths of two-body
bound states due to perturbative non-Abelian gauge inter-
actions have been given in [13], for bound states with low
angular momentum #. Following the same notations, in
Sec. A 2 we generalize the decay widths to any 7. Although
not needed in this work, in Sec. A 1 we also show the cross
sections for formation of bound states with generic . We
consider emission of a single-vector V¢ in dipole approxi-
mation, such that the angular momenta of the initial and
final states differ by AZ = +1. We denote with a the non-
Abelian gauge coupling, with M, the vector mass, and with
M the common mass of the two particles that form the
bound state.

1. Cross sections for bound state formation

Production of a bound state with angular momentum #
proceeds from initial states with angular momentum # + 1:
‘ _ —1-¢ +1-7
(O-gsfvrel)u - (Ugsfyrel)a + (ggsfvrel)aJr . The cross
sections are
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(Ggsf Urel ) a

poroe _8(C+1) ak (1 _k_2>

2043 M2\ 30’
. 1 _ £+2 .aM - Moy 2
x /rzdr X R i (z (T5:6,7 = T76i) <8r + T) —i5 (T?’iT;’jfabc)e M >Rpf+1,ij (Al)
or, equivalently, integrating by parts
8(¢+1) ak k2
Crl=t
)™ = 5773 a2 (1 347
1 _— 14 aM - _ . 2
X / rzder,;f’+1,ij (5 (T?’iéjj’ —_ T?’jéii’) <8r - ;) + ZT (T?iT]C"jfabc)e Mar> Rnf,j’[’ , (AZ)

where R, ;; is the bound state wave function in the two-particle space |i) ® |j) and R, ;; is the wave function of the initial
free state with relative momentum p and angular momentum . The other cross section is

87 ak K2
n —1-¢ 1 ———
(0%stvret ) 20 — 1 M? ( 3a)2>

X

1 . =1\ aM ,_, - o 2

(A3)

The formulas above simplify if the gauge group is unbroken, or at least if all vectors have a common mass. Then, a
decomposition into irreducible representations allows one to reduce the cross sections to Abelian-like expressions:
8(+1) ak K? ) 42 ,aM 2
(opgtrer)s 1770 = 8+ 1) <1 _W> ‘ / r2drR:, (C?MM (& e ) + CcpM —e_Mar> Y

’

20 +3 M? 2

8{ ak k2 ! f - 1 /aM _ r 2
ol = g (157 | [ P (03 (0 + 55 ) v e e[
where the group-theory part has been factored out in the coefficients
! 1 "x (a ax 1 ! a
Com = ECG%CG%., (T4;6;7 + Tj,].5,-,~/) = ETr[CGM {CGM, T%}], (A5a)
CYM™M = iCGYICGY (T4, T¢, f*°) = iTt[CGM TP CGMT] feb (ASb)

that hold separately for each initial channel J and final channel J', using the notations of [13].

2. Bound state decays

The decay widths of a bound state through single-vector emission are obtained from the previous expressions substituting
the free-particle final state wave function R, with the wave function of the desired final bound states. Assuming again
degenerate (or massless) vectors and a bound state in a representation R with dimension dg, we find

2
I(n,¢->n',¢-1) ! 87 a—k<l k )

T A2+ )ME\ T 3a?
, £+1 , aM 2
2d R*/ CaMM a - CaMM_ -M,r R A6
P G (e R T L

and
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1 8(+1) ak
(¢ —n' ¢+ 1) =— T
(n,¢ > n".2+1) dR(2f+1)M2<

x D

aMM'

k2
=

/ l oM
2 * aMM aMM —M,r
/r dar/lf+l (CJ (8}’_;) +CT 2 e M )Rnf

(A7)
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