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Limits on the masses and number of neutral weakly interacting particles are derived using cosmological arguments. 
No such particles with a mass between 120 eV and 3 GeV can exist within the usual big band model Simdar, but much 
more severe, restrictions follow for parUcles that interact only gravitationally. This seems of Importance with respect to 
supersymmetric theories. 

Following an idea, put  forward by Shvartsman [1], 
Steigman et al. [2] presented arguments leading to an 
upper limit to the number of  different types of  mass- 
less neutrinos, which may be summarized as follows. 

According to the hot  big bang model all forms of  
matter in the universe, even neutrinos, are initially in 
thermal equilibrium. The total  energy density of  rela- 
tivistic particles is then given at a temperature T by 

0 = Ka T4. (1) 

a is the radiation density constant,  appearing in the 
black-body radiation law, and K is given by  

t~ = ½(nb + ~ nf). (2) 

The quantities n b and nf are the total  number of  Inter- 
nal degrees of  freedom of  the different types of  bosons 
and fermions respectively. For  a photon gas K = 1, whde 
for a mixture of  photons,  electrons, electron and muon 
neutrinos, together with their antiparticles, ¢ = 9/2. 

A second expression for the total energy density p 
is given as a function of  the expansion time t by solv- 
ing the Einstein equations in a radiation dominated 
homogeneous and isotropic universe, 

p = 3/32 rr Gt 2, (3) 

where G is the gravitational coupling constant,  G = 6.7 
X 10 -45 MeV - 2 . .  Combining (1) and (3) we get 

T = (3/32 rr Ga) 1/4 K- 1/4 t -  1/2 (4) 

* We use units such that fi = c = k = 1, and the temperature Is 
expressed in MeV. 

Adding more types of  neutrinos relative to the standard 
big bang model increases the value of  K. This would have 
the following observable effect. 

The neutron/proton ratio is given by the equilibrium 
value n/p = exp { - ( m  n - mp)/T) as long as the rate of  
weak interactions, like e.g. n + e ÷ ~ p + F e, is high 
enough. But this ratio freezes in soon after the time be- 
tween successive collisions grows bigger than, say, the 
expansion time. The mean free time is r = (oN)-1  as 
long as the electrons are relativistic. The cross section 
o " T 2 and the number density of  protons and neu- 
trons N ~ R - 3 ,  where R is the scale factor of  the ex- 
panding universe. At these early times the number of  
nucleons is far smaller than the number of  photons,  
electrons, positrons and neutrinos, so the cooling pro- 
ceeds adiabatically like T ~ R -1  . Therefore N ~ T 3 
and thus 

r = const. × T -5 .  (5) 

Putting t = r in (4), from (5) we get an effective 
temperature Tf at which the neut ron/proton ratio 
freezes in, given by 

Tf = const. X K 1/6. (6) 

When the temperature falls off further nearly all neu- 
trons are captured to form deuterium and subsequently 
helium. In the standard model Tf ~ 1 MeV ~ 1010 K and 
the abundance by weight ofhehum produced m this way 
is Y ~ 0.23 to 0.27, depending on thepresen t  density 
of nucleons in the universe. An observational upper 
limit [4] Y ~ 0.29 agrees well with the standard model. 

Increasing now the number of  neutrino types would 
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Cosmological Lower Bound on Heavy-Neutrino Masses
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Steven Weinberg '~
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The present cosmic mass density of possible stable neutral heavy leptons is calculated
in a standard cosmological model. In order for this density not to exceed the upper lim-
it of 2x 10 2~ g/cm, the lepton mass would have to be greater than a lower bound of the
order of 2 GeV.

There is a mell-known cosmological argument'
against the existence of neutrino masses greater
than about 40 eV. In the "standard" big-bang
cosmology, ' the present number density of each
kind of neutrino is expected' to be ~» the number
density of photons in the 3'K black-body ba, ck-
ground radiation, or about 300 cm '; hence if the
neutrino mass were above 40 eV, their mass
density would be greater than 2 &&10 "g/cm',
which is roughly the upper limit allowed by pres-
ent estimates4 of the Hubble constant and the de-
celeration parameter.
However, this argument would not apply if the

neutrino mass were much larger than 1 MeV.
Neutrinos are generally expected' to go out of
thermal equilibrium when the temperature drops
to about 10' 'K, the temperature at which neu-
trano coll~sion rates become comparable to the
expansion rate of the universe. If neutrinos were
much heavier than 1 MeV, then they would al-
ready be much rarer than photons at the time
when they go out of thermal equilibrium, and
hence their number density would now be much
less than 300 cm '.
Of course, the familiar electronic and muonic

neutrinos are known to be lighter than 1 MeV.
However, heavier stable neutral leptons could
easily have escaped detection, and are even re-
quired in some gauge models. ' In this Letter, we
suppose that there exists a neutral lepton L' (the
"heavy neutrino") with mass well above 1 MeV,
and we assume that J0 carries some additive or
multiplicative quantum number which keeps it
absolutely stable. We will present arguments
based on the standard big-bang cosmology to show
that the mass of such a particle must be above a
lower bound of order 2 GeV.
At first glance, it might be thought that the

present number density of heavy neutrinos would
simply be less than the above estimate of 300
cm ' by the value exp[-m~/(1 MeV)] of the
Boltzmann factor at the time the heavy neutrinos
go out of thermal equilibrium. If this were the
case, then an upper limit of 2X10 "g/cm ' on
the present cosmic mass density would require
that m~ exp[-m~/(1 MeV) ] should be less than 40
eV, and hence that m~ should either be less than
40 eV or greater than 13 MeV,
However, the true lower bound on the heavy-

neutrino mass is considerably more stringent.
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Cosmological Constraints on Superweak Particles
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Previous work has used the primordial abundance of 4He to infer limits on the number
of neutrinos with full-strength neutral-current weak interactions. By accounting for the
quark-gluon constituents of hadrons, we extend the analysis to earlier times and higher
temperatures and densities and, therefore, to considerably weaker interactions. The
maximum number of new, superweakly interacting, light (~ MeV) particles is bebveen-1 and -20.

Recent work has emphasized the value of using
the primordial abundance of 4He to provide a con-
straint on the number of types (flavors) of light
(al Me&), stable or almost stable (i. z l sec) neu-
tral leptons. ' ' The most recent analysis by
Yang et al.4 has limited the number of two-com-
ponent neutrinos with full-strength, neutral-cur-
rent weak interactions to ~3. This result has
several striking consequences of importance for
unified theories. For example, if the "usual"
left-handed neutrinos (v„v„,v,) have right-
handed counterparts, the right-handed neutrinos
cannot have full-strength, neutral-current weak
interactions. In addition, this limit suggests
that there are no further lepton flavors beyond e,
p., and v', if there is a connection between quark
and lepton doublets, then there may be no new
quarks beyond u, d, s, c, f, and b. The con-
straint which emerges from the previous analysis
does not apply to new particles whose interaction
strength is considerably weaker than that given

by the Weinberg-Salam theory. It is therefore of
importance to extend the analysis to include light
fermions (e.g., neutrinos, gravitinos) and/or
bosons (e.g. , gravitons) of arbitrary interaction
strength. That extension is the subject of this
Letter.
Let us first recall the connection between the

number of new light particles and the primordial
abundance of 4He. The abundance of 4He emerg-
ing from big-bang nucleosynthesis is most sensi-
tive to the competition between the expansion rate
of the Universe (t ') and the rates of the standard,
charged-current, weak interactions such as e
+p =n+ v„e'+n =p+ v, . At early times the ex-
pansion rate and the total mass-energy density
are related by t ' ~ p' ', Furthermore, since the
early Universe is radiation dominated, we have
pot- T', the proportionality constant in this rela-
tion depends on, and increases with, the number
of species of relativistic particles. Thus, the
more types of light particles present, the faster
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An upper hmlt of 60 GeV is derived on the mass of a stable heavy neutrino, using the standard big bang model This is 
m ad&tlon to the previous hImts whwh constrain the mass of a neutrino to be less than 50 eV or greater than 10 GeV Thus, 
we predict that in the near future all existing types of stable neutrinos will be detected 

By utlhzmg the cosmological asymmetry of  matter  
over antimatter,  It is now possible to set up an upper 
llrmt on the mass o f  a stable neutral lepton Previous 
works have constrained the mass of  such particles to 
either he ,n the range 0 - 5 0  eV [1 ], or be greater than 
10 GeV [2,3] allowing the posslbdlty of  very heavy 
neutrinos Here, arguments are gwen to close the upper 
window, allowing neutrinos with a mass m the range 
1 0 - 6 0  GeV but not substantmlly higher 

At the present time, the Universe contains matter,  
but hardly any antimatter  [4] By conservation of  
baryon number,  the quanti ty r~ = (n B - n§) /n ,  r ~-. 

10 -9±1 has remained constant throughout most of  
the history of  the Umverse [5] Here, n B and n§ are 
the number densities of  baryons and antlbaryons, 
respectwely, and n. r IS the number density of  photons 
The limits on r /are derived from the following argu- 
ment [4] The photon number density Is obtained 
from the 3 K background radmtlon using 

n, r = 3 7 a T 3 / k  , (1) 

a being the black-body constant 
The baryon number density is 

n B = P B / m p  , (2) 

This paper originated during the Summer School on Physwal 
Cosmology at Les Houches (2-27 July, 1979) 

where/9 B lS the matter  density of  baryons m the Uni- 
verse and mp is the proton mass The observational 
llrmts on PB are [4] 

10-31 g cm-3  < PB < 2 X 10 -29 g cm -3  (3) 

Furthermore,  all observations point towards n§ = 0 [4] 
One of  the outstanding problems m cosmology is to 
gwe an explanahon for the observed value rl ~ 10 -9  

We will argue now that r/' ~ r/, where 77' = (n~ - n~)/  
n~,, and n~ (nil) is the number density o f  a conserved 
lepton (antdepton)  type (We assume that the neutrino 
will be the llghtest member of  a gwen multlplet If  this 
were not the case, the hghtest charged lepton would 
be as abundant as electrons m atoms ) If 7/' = O, there 
are no cosmological restnchons for a mass above 10 
GeV [3] The neutrinos wall have annihilated to such 
an extent  that their abundance at the present time 
would be too small to conflict w~th the observations 
But if  the lepton asymmetry ~s of  the same order as 
the baryon asymmetry,  ~ e r/' ~ 77, the number of  neu- 
trinos left over from the big bang will roughly equal 
the number of  baryons Therefore, a lugh mass for these 
neutrinos gives a high matter  density m the present 
Universe, which is restricted by the observations 

We offer two arguments which will lead to the de- 
sired asymmetry In lepton number F~rst, it ~s possible 
that the Umverse started off  with a non-zero value of)7 
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A lower bound for the photino mass m- as a function of the spin-0 fermion superpartner
mass m& is derived as an extension of tIIe calculation of Lee and Weinberg. The Majora-
na nature of the photino induces a p-wave threshold for annihilation yy ff into light
fermions, and leads to a rather unexpected form for the bound: for 25 QeV ~ mf- ~ 45
GeV, (my)~fp m~=1.8 GeV; for mf-&45 GeV, (m&)~~ increases approximately linearly
with m- to a value of 20 GeV when m- = 100 GeV.f f
PACS numbers: 14.80.Pb, 11.30.Pb, 98.80.Bp

The supersymmetric partner of the photon, the
photino (y), is very possibly the lightest super-
symmetric particle. As such, it is stable, and
the value of its mass, m&, assumes phenomeno-
logical importance. Since the photino is mass-
less in a supersymmetric world, one may expect
that m & is related to the scale of supersymmetry
breaking. For example, in some recently pro-
posed locally supersymmetric grand unified
models, ' the photino is massless at tree level,
and m& is radiatively induced:
~ y ~'L+/2 )~ gravitino tnn gravitino

for C =10, where C is an appropriate Casimir
number. In another class of models, m& may
enter as a parameter in a nonperturbative modifi-
cation of the gauge kinetic energy, in such a way
that both mg„„,-, and m™&are nonzero in the
limit m»- ~.'~ One then obtains relations of
the sort'

-2 (X~ 2 LT 2yn y &~ yet teton Z/ ~ fer minn Jx~™gravitino (2)

(N is a group factor), implying a possibly heav-
ier photino mass. Hence, there is not yet a
clear theoretical constraint on m &.
As noted by Weinberg, ' the photino mass should
be bounded from below by a cosmological con-
sideration applied previously' to neutral lepton
masses: namely, the contribution to the present
mass density of such particles (those which sur-
vive annihilation) is no greater than that needed
to close the universe.
It is the purpose of this note to quantify this
cosmological result, taking into account the speci-
fic nature of photino couplings. The result of
interest is displayed in Fig. 1, which shows the
dependence of (m y);„on another phenomenolog-
ically significant parameter, the (almost) com-
mon mass mf- of the spin-0 supersymmetric
partners of the light fermions. In many models,
mf- and m& are not independent, and the explica-
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FIG. 1. The behavior of the lower bound on photino
mass as a function of m& (spin-0 fermion mass). The
region to the left of the crosshatching is disallowed
by experiment. The label T* on the curves denotes
the temperature at which the entropy of the quark-
gluon plasma attains its massless ideal-gas form.

tion of this relation between them is of interest.
The peculiar behavior of the bound can be traced
to the presence of a p-wave barrier in the inci-
dent channel for the annihilation of cool photinos
into the light fermions, while the s-wave annihi-
lation into the heavy fermions (notably 7 and c)
will lead to sufficient depletion of y's only for
mf- &45 GeV. I will proceed to the derivation of
the result, reserving further comment until
later.
The low-energy effective interaction for the

annihilations yy -ff (f is a light fermion) is
(with A, the Majorana photino field)

&„i=Zy(e'Qy'/2m'')(Xri rn&)(f X"ref),
where my- is the (assumed) common mass of the
scalar and pseudoscalar spin-0 f particles and
Qy is the charge of f. The spread in masses
among all spin-0 quarks and leptons is severely
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We consider the cosmological constraints on supersymmetric theories with a new, stable 
particle. Circumstantial evidence points to a neutral gauge/Higgs fermion as the best candidate for 
this particle, and we derive bounds on the parameters in the lagrangian which govern its mass and 
couplings. One favored possibility is that the lightest neutral supersymmetric particle is predomi- 
nantly a photino 5' with mass above 12 GeV, while another is that the lightest neutral supersymmet- 
ric particle is a Higgs fermion with mass above 5 GeV or less than O(100) eV. We also point out 
that a gravitino mass of 10 to 100 GeV implies that the temperature after completion of an 
inflationary phase cannot be above 1014 GeV, and probably not above 3 × 1012 GeV. This imposes 
constraints on mechanisms for generating the baryon number of the universe. 

1. Introduction 

In the past few years, supersymmetric extensions of the standard model of particle 
physics have received a great deal of attention from theorists [1]. All these models 
predict an exciting variety of new particles. Alas, there are few experimental 
constraints on their masses and couplings, particularly on those of new neutral 
particles. To guide future work, both experimental and theoretical, we must learn all 
we can about the parameters of these theories. Here, as in many other cases, useful 
information can be obtained from a study of early cosmology. (For a review of this 
subject, see ref. [2].) 

The essential feature of supersymmetric theories which makes them amenable to 
cosmological study is that, in many models, one of the new particles is absolutely 
stable. By "new," we mean the superpartners of any ordinary particles: gauge 

* Work supported by the Department of Energy, contract DE-AC03-76SF00515. 
t Address as of July 1, 1983: Fermilab, PO Box 500, Batavia, IL 60510. 
* Address as of Sept. 1, i983: Dept. of Physics, University of Cahfornia, Santa Barbara, CA 93106. 
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(ii) The coefficients A r and Bf in the effective lagrangian (3.14) for the lightest 
mass eigenstate X are computed from eqs. (3.15). 

(iii) The coefficients t] and b in the annihilation cross section (3.17) are calculated. 
(iv) The scaled freeze-out temperature xf is determined iteratively using (3.22b), 

with N F being updated using table 1 following each iteration. 
(v) The cosmological mass density Px is calculated from (3.24b) and compared 

with the cosmological bounds Px ~ 2 x 10 -29 g cm 3 and Px ~ 2 x 10 3o g /cm 3. 
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If the Universe contains a nearly critical density of photinos which are also assumed to constitute

the dark matter in our galactic halo, then gravitational trapping by the Sun and ensuing annihilation
in the solar core yields a significant flux of —250-MeV neutrinos. This results in about two
neutrino-induced events per kiloton-year in an underground proton-decay detector.

PACS numbers: 96.60.Kx, 14.80.Pb„96.40.Qr, 98.60.Ln

The photino, expected to be a stable, massive relic
of supersymmetry, is a promising dark-matter candi-
date. ' The photino mass range that may be relevant to
interpretations2 of CERN monojets (1—10 GeV) also
can yield a critical closure density for the Universe. 3 A
critical-density, spatially flat Friedmann cosmological
model dominated by massive, weakly interacting parti-
cles reconciles several outstanding cosmological issues,
including the isotropy of the microwave background, 4

the light-element abudances, 5 and predictions of infla-
tionary cosmology. However, a plausible weakly in-
teracting dark-matter candidate is required, and the
case for the photinos seems especially intriguing.
Two of us have recently noted7 that if our galactic

halo, known to consist largely of dark matter, is plausi-
bly assumed to consist of the same dark matter that
binds the Universe, then the identification of the pho-
tino as the dark-matter candidate leads to a unique,
observable signature. For a photino mass m- —3y
GeV, photino annihilations in our halo were found to
lead to a detectable flux of low-energy cosmic-ray an-
tiprotons, below the kinematic threshold for secondary
production by high-energy cosmic-ray interaction with
interstellar matter.
In this Letter, we point out another signature of

photino annihilations. The Sun gravitationally traps
halo photinos, 8 9 which subsequently lose energy
elastically and annihilate in the solar core. The yield of—250-MeV neutrinos resulting from trapped-photino
annihilations in the Sun is appreciable: it may be
detectable in ongoing undergound experiments.
In the ensuing discussion, we will be interested in

two cross sections involving photinos, the elastic-
scattering cross section a.~, and the annihilation cross
section crz. The present mass density of photinos is

(o-v) ~ = Q. 17p(o-v) „
=1.7x10 p(1+0.04m-') ' cm' s

(2)
where P = v/c.
Photino annihilations in the Sun are, of course, sub-

ject to photinos first hitting the Sun and becoming
trapped. Press and Spergel9 have calculated the trap-
ping rate and find that

=9x 1Q np3o36v3ppm: s (3)
where np3 ——0.3 cm and the average halo density of
photinos n&= np3m c736 cp/r(10 -cm ) and v3pp= v/(300 km s ') = Q.9 is the rms velocity of a halo
photino in the solar neighborhood [ = (3/2)' x galac-
tic rotation velocity in the solar neighborhood for an
isothermal dark halo model].
The number of photinos in the Sun can diminish in

basically determined by o-z at the time annihilations
freeze out. In order to achieve a cosmological mass
density corresponding' to 0 =1, we need (o-v)„i;
=10 26 Cm3 S ' (fOr h= —,

' ) Where (crv)At; iS the
thermally averaged product of the annihilation cross
section and relative velocity at the freezeout tempera-
ture. At lower velocities, the p-wave annihilation
channel is suppressed and

(o-v„) = (o-v)„~(1 +004 m2)

where m- is in gigaelectronvolts and we have assumed
that all scalar-quark and -lepton masses are equal. In
terms of the low-energy annihilation cross section [Eq.
(1)], we determine the elastic scattering cross sec-
tion":
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Detectability of certain dark-matter candidates
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(Received 7 January 1985)

We consider the possibility that the neutral-current neutrino detector recently proposed by
Drukier and Stodolsky could be used to detect some possible candidates for the dark matter in galac-
tic halos. This may be feasible if the galactic halos are made of particles with coherent weak in-
teractions and masses 1—10 GeV; particles with spin-dependent interactions of typical weak
strength and masses 1—10 GeV; or strongly interacting particles of masses 1—10' GeV.

Dark galactic halos' may be clouds of elementary parti-
cles so weakly interacting or so few and massive that they
are not conspicuous. Many dark-matter candidates have
been proposed. Magnetic monopoles are one dark-matter
candidate accessible to experimental search, and the same
seems to be true for axions. On the other hand, massive
neutrinos are a popular dark-matter candidate which
seems very difficult to detect except under very favorable
conditions. For many other dark-matter candidates con-
sidered in the literature, no practical experiments have
been proposed.
Recently, Drukier and Stodolsky proposed a new way

of detecting solar and reactor neutrinos. The idea is to ex-
ploit elastic neutral-current scattering of nuclei by neutri-
nos (a mechanism that is also believed to play an impor-
tant role in supernovas). The detector will consist of su-
perconducting grains of radius a few microns embedded
in a nonsuperconducting material in a magnetic field.
The grains are maintained just below their superconduct-
ing transition temperature. A scattered neutrino will im-
part a small recoil kinetic energy to the nucleus it scatters
from (of order 1—100 eV in the experiments considered in
Ref. 5). Such a small energy deposit can make a tiny su-
perconducting grain go normal, permitting the magnetic
fiux to collapse into the grain and producing an elec-
tromagnetic signal in a read-out circuit. The principle of
such a detector has already been demonstrated.
In this paper, we will calculate the sensitivity of the

detector considered in Ref. 5 to various dark-matter can-
didates. Although this detector is not very sensitive to
halo neutrinos (with their tiny masses and interaction
rates), it has, as we will see, a useful sensitivity to some
other dark-matter candidates. We also mention some oth-
er detection schemes.
We will consider three classes of dark-rnatter candi-

dates: particles with coherent weak couplings; particles
with spin-dependent couplings of roughly weak strength;
and particles with strong interactions. If a detector sensi-
tive to 1 event/kgday can be built, useful limits can be
placed on these particles in the mass ranges 1—10 GeV,
1—10 GeV, and 1—10' GeV, respectively (see Table I).
The main difficulty in detecting these particles comes
from backgrounds of radioactivity and cosmic rays, which
we do not attempt to estimate here; such estimates were

TABLE I. Some experiments using the detector in Ref. S.
The spallation, reactor, and solar neutrino experiments were
considered in Ref. 5. The event rate given for the spallation
source refers to "reactor on." The supernova experiment of
Ref. 5, which involves detection of a pulse, is not comparable to
the others and is not included.

Experimental source

Spallation source
Reactor
Solar neutrinos

pp cycle
Be
8B

Galactic halo
coherent m -2 GeV

m &100 GeV
Spin dependent
m-2 GeV
m & 100 GeV

Event rate
in kg 'day

10 —10
10

10 —10
10 —5 && 10
10 —10 2

50—1000
up to 104

0. 1—1
up to 1

Recoil energy
range

10—100 keV
50—500 eV
1—10 eV
5—50 eV

100 eV—3 keV
10—100 eV
10—100 keV
10—100 eV
10—100 keV

made in Ref. 5.
Let us first discuss the lower limit on detectable masses.

If a halo particle of mass m and velocity U scatters from a
target nucleus of mass M, the recoil momentum is at most
2mU and the recoil kinetic energy is at most
e =(2mu) /2M. A reasonable value of U is U =200
km/sec. The lightest nucleus considered in Ref. 5 is
aluminum, with A =27 and M=27 GeV. There seems to
be a reasonable chance of building a detector sensitive to
e-50—100 eV (considerably more optimistic possibilities
are discussed in Ref. 5). For e) 50—100 eV, we need
m ) 1—2 GeV, and this is the lower limit on the mass of
detectable halo particles. It is important to note, though,
that much larger values of m, say m ) 100 GeV, are also
of interest in the dark-matter searches we envision. Thus
values of e up to 10—100 keV are of interest.
Consider elastic scattering of halo particles of mass m

by target nuclei of mass M. The elastic scattering cross
section is cr=[m M /m(m +M) ] ~

~ ~, assuming the
invariant amplitude ~ is a constant (independent of an-
gles) at low energy. If p is the mass density of halo parti-
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Possibility of detecting heavy neutral fer=mions in the Galaxy
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It is shown that heavy neutral fermions in the galactic halo could produce numerous detectable
low-energy events in a "thermal" neutrino detector if the heavy-fermion —nucleon vector coupling is
comparable in strength to the vector weak interaction. The conditions under which a detectable
event rate could arise for fermions with purely axial-vector couplings are also discussed. In a silicon
detector heavy-fermion events would be concentrated at low energies, and could be distinguished
from solar or supernova neutrino events, which are expected to have a flatter energy spectrum. A
measurement of the energy spectrum of heavy-fermion events could lead to a determination of the
fermion mass, subject to astrophysical uncertainties concerning the velocity distribution of halo par-
ticles.

Recently, a new type of neutrino detector, which relies
on the idea that even small neutrino energy losses
(&E„)1 keV) in cold material (T-1—10 mK) with a
small specific heat could produce measurable temperature
changes, has been proposed. ' In the proposed detection
scheme, the recoil energy from neutrino-electron or
neutrino-nucleus scattering, which is rapidly thermalized,
is responsible for heating the detector. Cabrera, Krauss,
and Wilczek' have estimated that solar pp or Be neutri-
nos could produce measurable events at a rate —1/ton
day in a Si detector, and that a burst of supernova neutri-
nos would produce —10 simultaneous events in a 10-ton
detector.
The purpose of this paper is to examine the possibility

that such a detector can be used to observe heavy neutral
fermions (rn &1 GeV) in the Galaxy. Such particles, it
has been suggested, could be a substantial component of
the cosmological missing mass, ~ and would be expected
to condense gravitationally, in particular, into galactic
halos. %'e will assume here that the extended massive
halo believed to surround the Galaxy is dominated by
heavy fermions. The detection rates estimated here will
therefore be upper bounds, with strict equalities pertaining
only to the astrophysically interesting but possibly op-
timistic scenario in which heavy fermions are a significant
constituent of the galactic halo. Similar calculations have
been carried out independently by Goodman and Witten,
and Drukier, Freese, and Spergel.
Heavy halo ferrnions, with typical momenta

Jrms ™h

=1 MeVm(GeV)
10 c

=(2&(10 "cm) 'm(GeV)
10 c

for a halo velocity dispersion Uh, may interact coherently
with detector nuclei of mass number A provided

m &130 A UIt

10 3c
GeV . (2)

~ =V 2 GfJj"JN„,
where the heavy-fermion current is

Jj"=Wf.I.Y"WI,L (4)

Assuming Eq. (2) to be satisfied, as must be the case if
heavy fermions are to contribute significantly to the
cosmological mass density, ' coherent scattering with
detector nuclei will be the dominant energy-loss rnecha-
msm.
We shall adopt a largely phenomenological description

of the heavy-fermion —nucleus interaction. We write the
heavy-fermion —nucleon interaction Lagrangian (in the
point-interaction limit) as (N =p for protons, n for neu-
trons)
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1.4 Cosmic microwave background 19

matter of convenience. There exist plenty of additional parameters which affect the CMB power spectrum, but
they are not as interesting for non-relativistic dark matter studies.

We go through the impact of the parameters basis defined in Eq.(1.66) one by one:

– ⌦t affects the co-moving distance, Eq.(1.36), such that an increase in ⌦t(t0) decreases dc. The same link
to the curvature, k / (⌦t(t0)� 1) as given in Eq.(1.20), also decreases ds, following Eq.(1.37); this way the
angular diameter distance dcA is reduced. In addition, there is an indirect effect through H

0

; following
Eq.(1.67) an increased total energy density decreases H

0

and in turn increases dcA.

Combining all of these effects, it turns our that increasing ⌦t(t0) decreases dcA. According to Eq.(1.65) a
smaller predicted value of dcA effectively increases the corresponding ✓` scale. This means that the acoustic
peak positions consistently appear at smaller ` values.

– ⌦

⇤

has two effects on the peak positions: first, ⌦
⇤

enters the formula for dc with a different sign, which
means an increase in ⌦

⇤

also increases dc and with it dcA. At the same time, an increased ⌦

⇤

also increases
H

0

and this way decreases dcA. The combined effect is that an increase in ⌦

⇤

moves the acoustic peaks to
smaller `. Because in our parameter basis both, ⌦t(t0) and ⌦

⇤

have to be determined by the peak positions
we will need to find a way to break this degeneracy.

– ⌦mh2 is dominated by dark matter and provides the gravitational potential for the acoustic oscillations.
Increasing the amount of dark matter stabilizes the gravitational background for the baryon–photon fluid,
reducing the height of all peaks, most visibly the first two. In addition, an increased dark matter density
makes the gravitational potential more similar to a box shape, bringing the higher modes closer together.

– ⌦bh
2 essentially only affects the height of the peaks. The baryons provide most of the mass of the

baryon–photon fluid, which until now we assume to be infinitely strongly coupled. Effects of a changed
⌦bh

2 on the CMB power spectrum arise when we go beyond this infinitely strong coupling. Moreover, even
and odd peaks do not have to behave the same, because the corresponding modes can either have a zero or a
maximum at the center of the potential. If anyone has a good physics argument for this please let me know.
Its leading effect is that an increased amount of baryonic matter increases the height of the odd peaks and
reduces the height of the even peaks.

Separating these four effects from each other and from other astrophysical and cosmological parameters obviously
becomes easier when we can include more and higher peaks. Historically, the WMAP experiment lost sensitivity
around the third peak. This means that its results were typically combined with other experiments. The Planck
satellite clearly identified seven peaks and measures in a slight modification to our basis in Eq.(1.66) [15]

⌦�h
2

= 0.1198± 0.0015

⌦bh
2

= 0.02225± 0.00016

⌦

⇤

= 0.6844± 0.0091

H
0

= 67.27± 0.66 . (1.68)

The dark matter relic density is defined in Eq.(1.7). This is the best measurement of ⌦� we currently have.

1.4 Cosmic microwave background 19

matter of convenience. There exist plenty of additional parameters which affect the CMB power spectrum, but
they are not as interesting for non-relativistic dark matter studies.

We go through the impact of the parameters basis defined in Eq.(1.66) one by one:

– ⌦t affects the co-moving distance, Eq.(1.36), such that an increase in ⌦t(t0) decreases dc. The same link
to the curvature, k / (⌦t(t0)� 1) as given in Eq.(1.20), also decreases ds, following Eq.(1.37); this way the
angular diameter distance dcA is reduced. In addition, there is an indirect effect through H

0

; following
Eq.(1.67) an increased total energy density decreases H

0

and in turn increases dcA.

Combining all of these effects, it turns our that increasing ⌦t(t0) decreases dcA. According to Eq.(1.65) a
smaller predicted value of dcA effectively increases the corresponding ✓` scale. This means that the acoustic
peak positions consistently appear at smaller ` values.

– ⌦

⇤

has two effects on the peak positions: first, ⌦
⇤

enters the formula for dc with a different sign, which
means an increase in ⌦

⇤

also increases dc and with it dcA. At the same time, an increased ⌦

⇤

also increases
H

0

and this way decreases dcA. The combined effect is that an increase in ⌦

⇤

moves the acoustic peaks to
smaller `. Because in our parameter basis both, ⌦t(t0) and ⌦

⇤

have to be determined by the peak positions
we will need to find a way to break this degeneracy.

– ⌦mh2 is dominated by dark matter and provides the gravitational potential for the acoustic oscillations.
Increasing the amount of dark matter stabilizes the gravitational background for the baryon–photon fluid,
reducing the height of all peaks, most visibly the first two. In addition, an increased dark matter density
makes the gravitational potential more similar to a box shape, bringing the higher modes closer together.

– ⌦bh
2 essentially only affects the height of the peaks. The baryons provide most of the mass of the

baryon–photon fluid, which until now we assume to be infinitely strongly coupled. Effects of a changed
⌦bh

2 on the CMB power spectrum arise when we go beyond this infinitely strong coupling. Moreover, even
and odd peaks do not have to behave the same, because the corresponding modes can either have a zero or a
maximum at the center of the potential. If anyone has a good physics argument for this please let me know.
Its leading effect is that an increased amount of baryonic matter increases the height of the odd peaks and
reduces the height of the even peaks.

Separating these four effects from each other and from other astrophysical and cosmological parameters obviously
becomes easier when we can include more and higher peaks. Historically, the WMAP experiment lost sensitivity
around the third peak. This means that its results were typically combined with other experiments. The Planck
satellite clearly identified seven peaks and measures in a slight modification to our basis in Eq.(1.66) [15]

⌦�h
2

= 0.1198± 0.0015

⌦bh
2

= 0.02225± 0.00016

⌦

⇤

= 0.6844± 0.0091

H
0

= 67.27± 0.66 . (1.68)

The dark matter relic density is defined in Eq.(1.7). This is the best measurement of ⌦� we currently have.

1.4 Cosmic microwave background 19

matter of convenience. There exist plenty of additional parameters which affect the CMB power spectrum, but
they are not as interesting for non-relativistic dark matter studies.

We go through the impact of the parameters basis defined in Eq.(1.66) one by one:

– ⌦t affects the co-moving distance, Eq.(1.36), such that an increase in ⌦t(t0) decreases dc. The same link
to the curvature, k / (⌦t(t0)� 1) as given in Eq.(1.20), also decreases ds, following Eq.(1.37); this way the
angular diameter distance dcA is reduced. In addition, there is an indirect effect through H

0

; following
Eq.(1.67) an increased total energy density decreases H

0

and in turn increases dcA.

Combining all of these effects, it turns our that increasing ⌦t(t0) decreases dcA. According to Eq.(1.65) a
smaller predicted value of dcA effectively increases the corresponding ✓` scale. This means that the acoustic
peak positions consistently appear at smaller ` values.

– ⌦

⇤

has two effects on the peak positions: first, ⌦
⇤

enters the formula for dc with a different sign, which
means an increase in ⌦

⇤

also increases dc and with it dcA. At the same time, an increased ⌦

⇤

also increases
H

0

and this way decreases dcA. The combined effect is that an increase in ⌦

⇤

moves the acoustic peaks to
smaller `. Because in our parameter basis both, ⌦t(t0) and ⌦

⇤

have to be determined by the peak positions
we will need to find a way to break this degeneracy.

– ⌦mh2 is dominated by dark matter and provides the gravitational potential for the acoustic oscillations.
Increasing the amount of dark matter stabilizes the gravitational background for the baryon–photon fluid,
reducing the height of all peaks, most visibly the first two. In addition, an increased dark matter density
makes the gravitational potential more similar to a box shape, bringing the higher modes closer together.

– ⌦bh
2 essentially only affects the height of the peaks. The baryons provide most of the mass of the

baryon–photon fluid, which until now we assume to be infinitely strongly coupled. Effects of a changed
⌦bh

2 on the CMB power spectrum arise when we go beyond this infinitely strong coupling. Moreover, even
and odd peaks do not have to behave the same, because the corresponding modes can either have a zero or a
maximum at the center of the potential. If anyone has a good physics argument for this please let me know.
Its leading effect is that an increased amount of baryonic matter increases the height of the odd peaks and
reduces the height of the even peaks.

Separating these four effects from each other and from other astrophysical and cosmological parameters obviously
becomes easier when we can include more and higher peaks. Historically, the WMAP experiment lost sensitivity
around the third peak. This means that its results were typically combined with other experiments. The Planck
satellite clearly identified seven peaks and measures in a slight modification to our basis in Eq.(1.66) [15]

⌦�h
2

= 0.1198± 0.0015

⌦bh
2

= 0.02225± 0.00016

⌦

⇤

= 0.6844± 0.0091

H
0

= 67.27± 0.66 . (1.68)

The dark matter relic density is defined in Eq.(1.7). This is the best measurement of ⌦� we currently have.

Fast forward to the present:

Precise parameters!
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Figure 4-1. Constraints on spin-independent WIMP-nucleon cross sections as a function of WIMP mass
as of Summer 2013 [19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32].

either nuclear-recoil (keVr) or electron-recoil (keVee). Conversion between the two energies is dependent on
the target and experimental technique, and must be calibrated by each experiment. Typically, radioactive
gamma sources or in-situ doped beta emitters are used to provide calibration for electron recoils, and neutron
sources provide a source of nuclear recoil events. Since the nuclear recoil calibration is di�cult at low
energies, there is significant uncertainty in the low WIMP mass exclusion limits, sowing some controversy
when comparing limits and discovery contours between targets.

A complete list of the current targets and technologies in use for direct detection of WIMPs can be found
in the CF1 Summary [1]. One of the key features of modern experiments is the use of discrimination to
select nuclear recoils and reject backgrounds that are dominated by electron recoils. Often the signal is split
into two components that respond di↵erently to nuclear and electron recoils. Noble liquids, such as argon
and xenon, make use of ionization and scintillation light. Solid targets, such as silicon and germanium at
cryogenic temperatures, use heat (or phonons) plus ionization. Crystals, such as CaWO

4

, contrast phonons
and scintillation light. Two components are not necessary if an experiment can achieve internal purities
and excellent fiducial isolation, or can use pulse-shape discrimination (e.g., liquid argon), or is insensitive to
electron recoil backgrounds (e.g., threshold detectors).

Another method to deal with backgrounds is to exploit the fact that the Earth is moving through the dark
matter that surrounds our galaxy, yielding a “WIMP wind” that appears to come from the constellation
Cygnus [38]. This should, in principle, create a small “annual modulation” in the detected WIMP rates, as
well as a somewhat larger daily modulation. However, if such e↵ects were detected in an experiment, there
would still have to be a convincing demonstration that there are no such modulations in background sources.
Since backgrounds are expected to be isotropic, detection of a signal with a preferred direction could provide
a powerful additional discriminant against backgrounds. Directional detectors attempt to exploit this e↵ect

Community Planning Study: Snowmass 2013

Feng et al, Snowmass 2013

Direct detection limits:



Indirect detection limits:

derived 90% upper limit on the muon-neutrino flux from DM annihilations in the Sun
in shown in Fig. 2. This limit was converted into the upper limit on WIMP-nucleon
cross-section using DarkSUSY 5.0.6 [3]. Only a single type of WIMP interaction with
a nucleus, either an axial vector interaction in which WIMPs couple to the nuclear
spin (spin dependent, SD) or a scalar interaction in which WIMPs couple to the
nucleus mass (spin independent, SI) was assumed. Standard DM halo with local
density 0.3 GeV/cm3 [5][6], a Maxwellian velocity distribution with an RMS velocity
of 270 km/s and a solar rotation speed of 220 km/s were considered. The results are
plotted together with other experimental results in Fig. 3 for SD coupling and Fig. 4
for SI coupling for the isospin-invariant case. The uncertainties related to the WIMP
capture process are indicated by the shadowed regions (detailed description can be
found in [7].

Figure 3: 90% CL upper limits on SD WIMP-
proton cross section calculated at DarkSUSY [3] default
are shown in red solid with uncertainty bands to take
account uncertainties in the capture rate for the bb,
W+W� and ⌧+⌧� channels from top to the bottom.
Also limits from other experiments: IceCube [8] (dashed
brown), BAKSAN [9] (dot-dashed pink), PICASSO [10]
(long-dashed blue) and SIMPLE [11] (long dot-dashed
green) are shown. The black shaded region is the 3� CL
signal claimed by DAMA/LIBRA [12].

Figure 4: 90% CL upper limits on the SI WIMP-
nucleon cross section. Also event excesses or an-
nual modulation signals reported by other experi-
ments: DAMA/LIBRA [12] (black regions, 3� CL), Co-
GeNT [13] (magenta diagonally cross-hatched region,
90% CL), CRESSTII [14] (violet horizontally-shaded
regions, 2� CL), CDMS II Si [15] (blue vertically-
shaded region, 90% CL), and limits: IceCube [8] (dashed
brown), SuperCDMS [16] (dotted cyan), CDMSlite [17]
(long dot-dashed blue), XENON10 S2-only [18] (dash
triple dot dark green), XENON100 [19] (dash double dot
green) and LUX [20] (long-dashed orange) are shown.

4.2 Galactic WIMP search

No significant signal contribution of DM-induced ⌫’s from the Milky Way is allowed
by the data (Fig. 5). Points shown in this figure are not independent as the same set of
data is used in the fit for every WIMP mass hypothesis. This result can be translated
into upper 90% CL limit on the fitted number of DM-induced ⌫’s using the bayesian
approach [21] which enables to set limit when the result falls into unphysical region

4
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could be accessible to a 20-tonne DM experiment such as Darwin [35].

3. The Strips

As noted earlier, regions of parameter space with the correct relic density typically occur in
relatively narrow strips formed by special relations among the input parameters. In these cases, the
relic density is strongly affected by coannihilations, or rapid s-channel annihilations.

The stau coannihilation strip [36, 37] is present when the mass of the lighter stau is nearly
degenerate with the lightest supersymmetric particle (LSP) which is often the bino in CMSSM
models. An example (barely) showing the stau coannihilation strip is found in Fig. 3 which shows
the (m0,m1/2) plane for fixed tanb = 20 and A0 = 2.3m0. In the dark red shaded region at small m0

extending to large m1/2, the lighter stau is the LSP and that region is excluded. Along the border
of that region, the stau and lightest neutralino are degenerate. The stau coannihilation strip tracks
that boundary up to roughly m1/2 = 1 TeV and is shown as a blue shaded strip. Along the strip,
the Higgs mass (shown by the red dot dashed curves computed with FeynHiggs [38]) does not
exceed 124 GeV. The current and future reach of the LHC is shown by the solid black, blue, green
and purple lines which are particle exclusion reaches for /ET searches with 20/fb at 8 TeV, 300 and
3000/fb at 14 TeV, and 3000/fb at a prospective HE-LHC at 33 TeV, respectively [39].

120
124

124
124

12
4

125

12
5

12
5

12
5 12
5

125

12
5

12
5

12
6

126

12
6

12
6

12
6

12
6

126

12
6

127

12
7

12
7

12
7

12
7 12

7

12
7

12
7

12
7

12
7

12
7
12
7

128

128

130

13
2

132

124

126

tan β = 20, A0 = 2.3m0, µ > 0

132

130

128

100

1000

2000

3000

4000

0.0 1.0×104

m0 (GeV)

m 1
/2 (

Ge
V)

124
125

125

125

125
12612

6

126126
126126126

127
127

127

100

1000

2000

3000

4000

0.0 1.0×104

tan β = 10, A0 = 0 , µ > 0

124

127

125

m0 (GeV)
m 1

/2 (
Ge

V) 126

122

120

Figure 3: (left) The (m0,m1/2) plane for fixed tanb = 20 and A0 = 2.3m0. (right) The (m0,m1/2) plane for
fixed tanb = 10 and A0 = 0. The dark red shaded regions are excluded because of a charged LSP and/or a
tachyon, and the green region are excluded by b ! sg decay. There is no consistent electroweak vacuum in
the purple region in the right panel. In the dark blue strips the relic LSP density lies within the range allowed
by cosmology, and the dashed red lines are contours of mh as calculated using FeynHiggs 2.10.0 [38].
The solid black, blue, green and purple lines in each panel are particle exclusion reaches for /ET searches with
the LHC at 8 TeV, 300 and 3000/fb with LHC at 14 TeV, and 3000/fb with HE-LHC at 33 TeV, respectively.

The extent of the stau coannihilation strip is shown in the left panel of Fig. 4. There the
stau-neutralino mass difference is plotted as a function of m1/2 [37]. For this choice of tanb = 10,
the strip extends only out to m1/2 ' 900 GeV and is all but excluded by the LHC (which excludes
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Many searches, no signals

Also to be considered:

axions 
other moduli 

other dark sectors 
other portals 

self-interactions 
….

Still one of the great unsolved mysteries of physics



Will we have an answer 
for Keith’s 70th ?



and many thanks 
for all the great physics 

Keith!


