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According to                                 I’ve written 42 papers with “neutrino” in the title

Neutrinos in Physics and Astrophysics

• Averaging a little less than one per year.
• But none in the last 10 years (last with Beacom or perhaps Hooper).
• Most of the papers I remember, some I’d just as soon forget.
• Anyone who works in cosmology or particle astrophysics studies neutrinos.
• They were my entry into particle cosmology.
• Never collaborated with George or Baha, although I’ve known them for a long time     

(George for a really long time).

So, my plan is

• Talk about the role of neutrinos and wrong experiments in establishing particle cosmology.
• Few words about days with George.
• What I am working on now (not neutrinos).



Two wrong experiments and neutrino cosmology

<latexit sha1_base64="xh6y+1nQFkfmHjgWSJd5TVw2crc="></latexit>

⌦⌫h
2 ⇡ 0.3

m⌫

30 eV

• Neutrinos are in LTE in the early universe

• They “freeze-out” of LTE at temperatures of about an MeV

• “Light” stable neutrinos contribute to the present mass density

First, background we all know:



Two wrong experiments and neutrino cosmology
Theory Prehistory:

S. Gerstein and Ya. Zel’dovich
JETP Letters 4, 120 (1966) 
“Rest mass of muonic 
neutrino and cosmology”
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m⌫ < 400 eV

G. Marx and A. Szalay
Neutrino ‘72
“Cosmological limit on 
neutrino mass”
+ subsequent publications
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m⌫ < 130 eV

R. Cowsik and J. McClelland 
Phys. Rev. Lett. 29, 669 (1972) 
“An upper limit on the 
neutrino rest mass”
(UC Berkeley)
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m⌫ < 8 eV
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m⌫ < 13.5 eV1976:



But first, a correct experiment: discovery of t  (and nt )

VOLUME 35, NUMBER 22 PHYSICAL REVIEW LETTERS 1 DECEMBER 1975

the fiducial decay volume. The corresponding
flux for the Kolar Gold Mines experiment is about
8& 10"v„(and approximately an equal number of
v„) of Z„&5 GeV.~ The energy spectra for the
two experiments are shown in Fig. 3. The mean
(v„+v„) energy (E) (with a cutoff at 5 GeV) is
20 GeV for this experiment, and 7 GeV for Ref.
3.
It is difficult to make a direct quantitative com-

parison of the Kolar Gold Mines experiment and
the experiment described here, because the ge-
ometries of the two experiments are very differ-
ent. In the Kolar experiment the neutrinos are
incident from all directions so that the angle of
production of a new long-lived penetrating neu-
tral particle would be largely averaged by the
detector. Hence the detection efficiency in the
experiment does not appear to depend sensitive-
ly on either the angle of production or the amount
of target material available for neutrino inter-
actions. In the present experiment the neutrino
beam is incident from a single, well-defined di-
rection, and therefore the detection efficiency
varies appreciably with the assumed angle of pro-
duction. This leads to the qualitative conclusion
that although we cannot definitely rule out the

existence of the special class of events observed
in the Kolar Gold Mines, we do not in this ex-
periment confirm that result.
De Rujula, Georgi, and Glashow' have suggest-

ed that the Kolar Gold Mines events might have
been produced by a massive neutral lepton I '
produced by decays of a charged lepton L' which
was in turn pair-produced electromagnetically by
cosmic rays. Crude model-dependent estimates
give llf~o™2GeV/c', rl 0= 10 "sec. Rate esti-
mates based on this model and applied to our con-
ditions predict that & 500 events should have been
observed.

*Work supported in part by the U. S. Energy Research
and Development Agency.
~A. Benvenuti et a/. , Nucl. Instrum. Methods 125, 447

(1975); A. Benvenuti et al. , Nucl. Instrum. Methods
125, 457 (1975).
D. Bintinger et al. , Phys. Rev. Lett. 84, 982 (1975).
M. R. Krishnaswamy et al. , Phys. Lett. 57B, 105

(1975).
M. R. Krishnaswamy et al. , Proc. Roy. Soc. London,

Ser. A. MS, 4SB (1971).
~A. De Rujula, H. Georgi, and S. L. Glashow, Phys.

Rev. Lett. 85, 628 (1975).

Evidence for Anomalous Lepton Production in e+-e- Annihilation*

M. L. Perl, G. S. Abrams, A. M. Boyarski, M. Breidenbach, D. D. Briggs, F. Bulos, W. Chinowsky,
J. T. Dakin, f G. J. Feldman, C. E. Friedberg, D. Fryberger, G,, Goldhaber, G. Hanson,

F. B. Heile, B. Jean-Marie, J. A. Kadyk, R. R. Larsen, A. M. Litke, D. Luke, |:
B. A. Lulu, V. Luth, D. Lyon, C. C. Morehouse, J. M. Paterson,

F. M. Pierre, 5 T. P. Pun, P. A. Rapidis, B. Richter,
B. Sadoulet, R. F. Schwitters, W. Tanenbaum,
G. H. Trilling, F. Vannucci, l J. S. Whitaker,

F. C. Winkelmann, and J. E. Kiss
Laaurence Berheley Laboratory and DePartment of Physics, University of California, Berkeley, California 94720,

and Stanford Linear Accelerator Center, Stanford University, Stanford, California 94805
(Received 18 August 1975)

We have found events of the form 8++8 e +p,++missing energy, in which no other
charged particles or photons are detected. Most of these events are detected at or above
a center-of-mass energy of 4 GeV. The missing-energy and missing-momentum spectra
require that at least two additional particles be produced in each event. We have no con-
ventional explanation for these events.

We have found 64 events of the form
e++e —e'+ V,'+) 2 undetected particles (1)

for which we have no conventional explanation.
The undetected particles are charged particles
or photons which esca.pe the 2.6m sr solid angle

of the detector, or particles very difficult to de-
tect such as neutrons, K~' mesons, or neutrinos.
Most of these events are observed at center-of-
mass energies at, or above, 4 GeV. These events
were found using the Stanford Linear Accelerator
Center —Lawrence Berkeley Laboratory (SLAC-
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tors are largest for low Es. Thus, the apparent
threshold may not be real.
We conclude that the signature e-jLt, events can-

not be explained either by the production and de-
cay of any presently known particles or as com-
ing from any of the well-understood interactions
which can conventionally lead to an e and a p. in
the final state. A possible explanation for these
events is the production and decay of a pair of
new particles, each having a mass in the range
of 1.6 to 2.0 GeV/c'.

*Work supported by the U. S. Energy Research and
Development Administration.
)Present address: Department of Physics and Astron-

omy, University of Massachusetts, Amherst, Mass.
01002.
)Fellow of Deutsche Forschungsgemeinschaft.
&Centre d'Etudes Nucleaires de Saclay, Saclay,

France.
Illnstitut de Physique Nucleaire, Orsay, France.
M. L. Perl and P. A. Rapidis, SLAC Report No.

SLAC-PUB-1496, 1974 (unpublished) .
J. D. Bjorken and C. H. Llewellyn Smith, Phys. Rev.

D 7, 887 (1973).
Y. S. Tsai, Phys. Rev. D 4, 2821 (1971).
M. A. B.Beg and A. Sirlin, Annu. Rev. Nucl. Sci. 24,

379 (1974).
M. K. Gaillard, B.W. Lee, and J. L. Rosner, Rev.

Mod. Phys. 47, 277 (1975).
M. B. Einhorn and C. Quigg, Phys. Rev. D (to be

published) .
B. C. Barish et al. , Phys. Rev. Lett. 31, 180 (1973).J.-E. Augustin et gl„Phys. Hev. Lett. 34, 233 (1975);

G. J. Feldman and M. L. Per1, Phys. Rep. 19C, 233
(1975).
See M. L. Perl, in Proceedings of the Canadian In-

stitute of Particle Physics Summer School, Montreal,
Quebec, Canada, 16-21 June 1975 (to be published) .
V. M. Budnev et al. , Phys. Rep. 15C, 182 (1975);

H. Terazawa, Rev. Mod. Phys. 45, 615 (1973).
These contamination calculations do not depend upon

the source of the e or jtI,; anomalous sources lead to
overestimates of the contamination.
Using only events in column 1 of Table I we Qnd at

4.8 GeV +h~e 0.27+0.10, PIl~ p=0.23+0.09, and a
total e-p background of 7.9 +3.2 events. The same
method yields a total e-p, background of 30 +6 events
summed over all energies. This method of background
calculation (Ref. 9) allows the hadron background in the
two-prong, zero-photon events to be different from that
in other types of events.

Our studies of the two-prong and multiprong events
show that there is n0 correlation between the misidenti-
fication or decay probabilities; hence the background is
calculated using independent probabilities.
~4Of the 24 events, thirteen are e++p and eleven are
e +p,+

Linear Regge Trajectories for the Psion Family and O(4) Dynamics*

Ngee- Pong Changj
Physics Department, City College of the City University of New York, New York, ¹wYork 10031

C. A. Nelson)
Department of Physics, State University of New York at Bingh'amton, Binghamton, New York 13901

{Beceived 2 October 1975}

The newly discovered psion family can be described by mass-squared linear Regge tra-
jectories. The new J+c assignments are for 2.8 GeV/c, 0++, and for the 3.4 region, 2++,
1 +, 0+ . All radiative decays are related through a single S»E» coupling. A good fit is
obtained.

With the discovery' ' of the psions' J/g, g',
I', , X, X a new chapter in elementary particle
spectroscopy has been opened up. A popular
scheme for this new spectroscopy is the char=
monium model' based on a. cc bound-state pic-
ture where the potentiaL is a mixture of linear
potential ("quark confinement") and Coulomb po-
tential ("asymptotic freedom"). The resulting
4 ~ assignments are, in the order of increasing
masses, 0 + (2.8), 1 (3.1), 2", 1 ', 0" in

the 3.4-GeV mass region, 1 (3.7), and so on. '
In this note we report on an alternative to the

charmonium spectroscopy, in which 2.8 GeV/ca
has 0"and in the 3.4-GeV/c' mass region theJ assignments are 2", 1 +, and 0++. This
alternative assignment is based on a study of the
dynamics of linear O(4) Hegge trajectories. The
motivation for our study came principally from
the following simple empirical observation: A
family of Regge trajectories, linear in M, with
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A Third Family!
• How many families?

• What is the mass of the nt (and ne ,nµ) ?

• Mass of neutrinos of subsequent generations ?

Volume 66B, number 2 PHYSICS LETTERS 17 January 1977 

C O S M O L O G I C A L  L I M I T S  T O  T H E  N U M B E R  O F  M A S S I V E  L E P T O N S  

Gary STEIGMAN 
National Radio Astronomy Observatory 1 and Yale University 2, USA 

David N. SCHRAMM 
University of Chicago, Enrtco Fermi lnstitute (LASR), 933 E 56th, Chicago, Ill. 60637, USA 

James E. GUNN 
University of Chicago and California Institute of Technology 2, USA 

Received 29 November 1976 

If massive leptons exist, their associated neutrinos would have been copiously produced in the early stages of the 
hot, big bang cosmology. These neutrinos would have contributed to the total energy density and would have had the 
effect of speeding up the expansion of the universe. The effect of the speed-up on primordial nucleosynthesis is to 
produce a higher abundance of 4He. It is shown that observational limits to the primordial abundance of 4He lead to 
the constraint that the total number of types of heavy lepton must be less than or equal to 5. 

Possible interpretations of  recent observations (for 
example, the anomalous e/a events produced in e+e - 
annihilation [1 ] suggest the existence of  leptons more 
massive than muons. It would be expected that each 
such lepton would have associated with it a corre- 
sponding neutrino-antineutrino pair. It will be shown 
in this note that the existence of  these neutrmos has 
observable implications in the standard big bang cos- 
mology and that present observations place limits on 
the number of  heavy lepton types. 

It is interestmg that in V-A theories of  the weak 
interaction there is a direct correspondence between 
the number of  lepton types and the number of  quarks. 
(This correspondence does not hold in all theories 
such as some of  the recent vector-like models of  the 
weak interaction.) Therefore, a limit to the number of  
lepton types may also be a limit to the number of  
,quarks. Since asymptotic freedom [2] does not hold 
if there are more than 16 quark color triplets and 
since in V-A theories each lepton and its neutrino are 
related to a pair of  quark color triplets, then it would 
be quite interesting if it can be shown that the total 
number of  lepton types is less than 8. In fact, we will 

! The National Radio Astronomy Observatory is operated by 
Associated Universitites, Inc. under contract with the 
National Science Foundation. 

2 Permanent address. 

show that present observations imply less than 5 heavy 
leptons (less than 7 lepton types including e and/~). 

It has been known for some time [3] that the num- 
ber of  particle types can produce observable effects in 
the standard hot  big bang model of  the universe. For 
the present context, note that in the early, hot  stages 
of  a big bang cosmology, any massive leptons would 
have been copiously produced and, in particular, their 
associated neutrinos would have been as abundant as 
the electron neutrinos and muon neutrinos. As a result, 
these new neutrinos would have contributed signifi- 
cantly to the total energy density $1. During the early 
stages, the universe is in "free expansion" (the time 
reversal of free fall) so that the expansion time scale 
(age) and the energy density are related by p = t -2 .  
The effect of  "extra" zero-mass particles is to increase 
the density (p ~ p '  - ~20) and, thus, to decrease the 
time scale ( t - > t '  = ~-1 t). 

A change in the expansion rate can significantly 
change the abundances of  the elements produced by 
primordial nucleosynthesis [4]. The dominant effect ~ 

,1 For massless particles (or, forMc 2 < kT) the energy densi- 
ty varies as the fourth power of the temperature whereas 
for massive particles (Mc 2 ~, kT) the energy density varies 
as the cube of the temperature. Thus, m the early, hot 
epochs, the energy density is dominated by the contribu- 
tion from the massless particles. 
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Cosmology: 
 Nfamilies < 8 

Asymptotic freedom: 
 Nfamilies < 16 



First wrong experiment

V. Lubimov, E. Novikov, V. Nozik, E. Tretyakov, V. Kosik 
Physics Letters B94, 266 (1980) 
“An estimate of the ne mass from the b -spectrum of tritium in the valine molecule”
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14 eV < m⌫ < 46 eV (99% C.L.)

Lots of papers on neutrino masses and cosmology:
 Szalay and Marx (1976): 
 Schramm and Steigman (1981) :
 Flood of others
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4 eV < m⌫ < 40 eV
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m⌫ ' 13.5 eV



First wrong experiment

Several problems:
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14 eV < m⌫ < 46 eV (99% C.L.)

Experiments:
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m⌫ < 18 eV (95% C.L.)
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m⌫ < 9.3 eV (95% C.L.)

Fritschi et al. (1986)
Robertson et al. (1991)
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m⌫ < 0.8 eV (90% C.L.) PDG (2022)

V. Lubimov, E. Novikov, V. Nozik, E. Tretyakov, V. Kosik 
Physics Letters B94, 266 (1980) 
“An estimate of the ne mass from the b-spectrum of tritium in the valine molecule”
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First wrong experiment

Several problems:

Cosmology:

• Neutrinos are fermions—can’t pack them too tightly (Tremaine–Gunn limit)
• Neutrinos are hot dark matter-–ruled out by observations of large-scale structure*
• But evidence that relic WIMPs exist!

* Light sterile neutrinos can be cold (Shi-Fuller)
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Scaling-Variable Distributions in High-Energy Inelastic Neutrino Interactions*

B. Aubert, f A. Benvenuti, D. Cline, W. T. Ford, R. Imlay, T. Y. Ling, A. K. Mann, F. Messing,
J. Pilcher, f. D. D. Reeder, C. Rubbia, R. Stefanski, and L. Sulak

Department of Physics, Harvard University, Cambridge, Massachusetts 02198, and
Department of Physics, University of Pennsylvania, Philadelphia, Pennsylvania 19174, and

Department of Physics, University of Wisconsin, Madison, Wisconsin 59706, and
I"exmi ¹tional Accelerutor Laboratory, Batavia, Illinois 60510

(Received 1 August 1974)

We present measured distributions in the scaling variables x and y obtained from the
reactions v& (p&)+nucleon-p (p+)+ hadrons at high energy. The x distributions are
consistent with scale invariance. The x and y distributions are used to perform the first
test of charge-symmetry invariance in high-energy neutrino interactions, assuming the
validity of scale invariance. A possible effective deviation from charge-symmetry in-
variance is observed, which could be the result of new particle production.

In a recent paper~ we reported (i) a. measure-
ment of the total cross section for neutrino inter-
actions, o„as a function of neutrino energy &,
up to 150 GeV, and (ii) measurements of the ratio
of the antineutrino to the neutrino total cross sec-
tions, o ,/ „cpu-to 70 GeV. Within experimental
error, these results are consistent with V-A.
coupling, Bjorken scale invariance, and the spin-
2 parton model. ' To test these ideas further at
high energies, we present here the experimental
distributions in the scaling variables x =q /2ME„
and y =E„/E, for neutrinos and antineutrinos,
where q'=4E„E& sin'(8„/2), E„ is the energy of
the hadron cascade resulting from the neutrino-
nucleon collision, and M is the nucleon mass. As
before, we identify positive- and negative-charged
final-state muons with incident antineutrinos and
neutrinos, respectively.
The experimental method was described ear-

lier. ' Briefly, an enriched beam of neutrinos
or antineutrinos at the Fermi National Acceler-
ator Laboratory impinged on a pure-liquid-scin-
tillator ionization calorimeter (target-detector)
in which the neutrino-nucleon interaction oc-
curred, and in which the hadron energy E„was
measured. The vector momentum of the emerg-
ing muon, P&, was measured in a magnetic spec-
trometer directly downstream of the target-de-
tector. The energy of the incident neutrino was
then computed from the sum E„+E&. Data were
obtained with neutrino and antineutrino spectra
generated in proton-nucleus collisions with pro-
ton energies E~ of 300 and 400 GeV.
Useful interactions took place in a fiducial re-

gion of the ionization calorimeter of cross-sec-
tional area 2.4x 2.4 m' and length along the beam
of 4.1 m. The total area and length of the ioniza-

tion calorimeter are 3& 3 m' and 7.2 m, respec-
tively. Any event with q (1.0 GeV' and' W(1.6
was eliminated from the scaling-variable distri-
butions, where W is the invariant hadron mass.
No separate cut on q' alone or on 8' alone was
applied. The combined cut on q' and 8' eliminat-
ed quasielastic and ~-production events, ' and
some inelastic events with y &0.1 and neutrino
(antineutrino) energy less than 30 GeV.
The energy response of the ionization calorim-

eter was calibrated with pions of known energies
between 15 and 150 GeV incident on the front of
the calorimeter. The measured response of the
calorimeter at any energy within that interval is
Gaussian with v=12%. There is no evidence of
a high-energy tail at the 1/o level at any energy.
A low-energy calibration point is provided by mu-
ons traversing the detector. The response of the
muon spectrometer to muons of known momentum
is approximately Gaussian with @=15% for any
muon momentum less than about 80 GeV. These
resolution functions, and also that for 0„, are in-
cluded in the calculation of the expected scaling-
variable distributions described below.
There are shown in Fig. 1 the directly observed

distributions (histograms) in x for neutrinos and
antineutrinos, combining data taken at 300 and
400 GeV. To exhibit the dependence on E, (E-„),
the distributions are plotted for two different re-
gions of neutrino and antineutrino energy. ' For
comparison we show also in Fig. 1 the corre-
sponding x distributions calculated by assuming
scale invariance and the simplifying relations
among the nucleon structure functions, viz. ,
2xE, (x) =E,(x), xE, (x) = —E,(x), a,nd E, (x) =E;(x),
where E, (x) refers to antineutrino-nucleon scat-
tering. We have also used the form of E,(x) ob-
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high-y anomaly
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⌫̄µ + nucleon ! µ+ + hadronsFermilab neutrino experiment
<latexit sha1_base64="Q1SZGUsm/gCLr+zb+kdB2xow/Do=">AAACGnicbVBNS8NAEJ3Ur1q/ol4EL4tF8FQSkdqLUBDBYwX7AU0pm+2mXbrZhN2NUEJ+hxf/ihcPingTL/4bN20P2vpg4PHeDDPz/JgzpR3n2yqsrK6tbxQ3S1vbO7t79v5BS0WJJLRJIh7Jjo8V5UzQpmaa004sKQ59Ttv++Dr32w9UKhaJez2JaS/EQ8ECRrA2Ut92J+gKeYHEJL3peyHWIxmmIzyQkVBZZrTU87FMPZFkxk6yrNS3y07FmQItE3dOyvUjmKLRtz+9QUSSkApNOFaq6zqx7qVYakY4zUpeomiMyRgPaddQgUOqeun0tQydGmWAgkiaEhpN1d8TKQ6VmoS+6cyPV4teLv7ndRMd1HopE3GiqSCzRUHCkY5QnhMaMEmJ5hNDMJHM3IrICJuctEkzD8FdfHmZtM4rbrVSvbso12uzNKAIx3ACZ+DCJdThFhrQBAKP8Ayv8GY9WS/Wu/Uxay1Y85lD+APr6wcvK6JH</latexit>

y =
Ehadrons

E⌫̄µ

No anomaly in 
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⌫µ + nucleon ! µ� + hadrons

Popular explanation:  new, heavy neutral lepton of mass few GeV

Second wrong experiment: the “high-y anomaly”
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FIG. 1. Experimental distributions (histograms) in
x=q2/2ME& and calculated distributions (solid lines)
expected from scale invariance using E&(x) from elec-
troproduction and simplifying relations among the struc-
ture functions (see text).
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FIG. 2. Experimental and calculated distributions
(assuming B=1) i yn=E&/E„. The falloff in the first
bin in y in (a) and (b) is due to the joint selection cri-
terjon g & 1.6 GeV and q & 1.0 GeV .

tained from electroproduction experiments' (for
x & 0.1), and included incident neutrino and anti-
neutrino spectra' and the geometric detection ef-
ficiency of the apparatus" in obtaining the cal-
culated distributions, which are compared with
the uncorrected experimental distributions, both
normalized to the same area.
The shapes of the observed and calculated x

distributions in Fig. 1 indicate that the x distri-
butions for neutrinos and antineutrinos are es-
sentially the same, and are not significantly de-
pendent on E, (E-,). In Fig. 2 are plotted the mea-
sured y distributions for neutrinos and antineu-
trinos in the same regions of E, (E—,) as before,
with the calculated distributions included for com-
parison. The observed x and y distributions for
neutrinos are consistent with the complex of as-

sumptions that enter the calculated distributions,
and with earlier data. '9
The y distributions for antineutrinos, however,

are not completely consistent with the simplest
form expected from lower-energy (3&E—,&10
GeV) data, ' viz. , dN/dy —(1 —y)'. For E„&30 GeV-
[Fig. 2(b)], the experimental y distribution is not
in evident disagreement with that form, but for
E, &30 GeV [Fig. 2-(d)], the observed y distribu-
tion has 43 events with y &0.5 out of a total of
145, i.e. , (30+ 5)%, whereas (1 -y)' multiplied
by the detection efficiency predicts less than 10%.
A somewhat more general analysis of the y dis-

tributions may be made by relaxing the assump-
tions xE,(x)= —E,(x) and 2xE, (x)=E,(x). We write
the scale-invariant differential cross section for
inelastic neutrino (antineutrino)-nucleon colli-
sions in the form

d'o'"' '/dxdy = (G ME,/m)E~(x)[l —y(l v B"' ') + 2y (1+B' ")+ay Ri"' "],
where the upper signs are to be taken for neu-
trinos, B"=— E&x( )/Ex( )2, xRl" ——[2xE&(x) —E2(x)]/
E,(x), and B =—xE3(x)/E, (x), etc. From the pos-
itivity conditions, IxE3(x) I & 2xE, (x) & E2(x), it
follows that Ri~ 0, and therefore the term in R~
cannot contribute to the excess of events observed
at y &0.5. With R~ =0, Eq. (1) is equivalent to a
parametrization which mixes a y-independent
term and a (1 —y)' term in arbitrary proportions.
With the assumption that charge-symmetry in-

variance holds, the ratio of antineutrino to neu-
trino cross sections integrated over all x and y
is o"/o"= (2 —B)/(2+B), where B is the average
value of B(x). One obtains B= 0.9+ 0.2 from the
ratio o"/o'" = 0.37 + 0.1 measured' at a mean en-
ergy of about 40 GeV, and B=0.85 at lower neu-
trino energies. '
The dependence on x of the y distributions has

been investigated by partitioning the data of Fig.
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Can there be GeV neutrinos? 
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⌦⌫h
2 ⇡ 0.3

m⌫

30 eV

• Gerstein, Zel’dovich, Marx, Szalay, Cowsik, McClelland limit assumes neutrinos 
relativistic at decoupling.

• Neutrinos decouple at T ∼ MeV.

• If mn ≳ few MeV, then freeze-out abundance smaller.

• If mn ≈ few GeV, neutrino could be dark matter.



Jim Peebles, Cosmology’s Century

• (Lee & Weinberg, at least) hugely influential.

• Dark Matter from freeze-out of a thermal relic.

• Boltzmann equation for freeze-out calculation.

• Interacts with SM through the “Z-portal.”

• Very shortly ruled out but set framework for particle dark matter (CDM prototype).

• Led to “WIMP Miracle” (mass and interaction strength comparable to weak scale)



… often used to give 
an impression of great 
and unusual value in a 
trivial context …

The WIMP “Miracle”

        mir·a·cle 
        \ˈmir-i-kəl \
             noun 
  

1 : an extraordinary event manifesting
    divine intervention in human affairs

WIMP “miracle” not realized



Wrong Experiments Can Be Important & Lead to Interesting Results 



George and I are (sort of) brothers: we are two of 
Willy’s Boys

1978 ⇨1980.  We were officemates in 
Kellogg Radiation Laboratory

George was Willy’s (last?) student
I was (almost his last?) postdoc

First met George my first evening in Pasadena at
Dick Bond’s graduation party.  Wild!

When I arrived at  Caltech I was in an entangled 
state: a superposition of cosmologist and particle 
(neutrino) theorist.



Caltech, Autumn 1978—Alan Rex Sandage lecture series on “Cosmology.”

• All cosmology is a search for two numbers W0 and q0.
• Rude introduction to astronomy: metallicity corrections, Malmquist bias, 

crowding, aperture corrections, nonlinearities, K-corrections, …
• “Fifth brightest galaxy in a cluster is a standard candle.”
• Plots w/scattered data points, no error bars, connected by straight lines.
• Worst lecture series ever!   Forget cosmology!

Caltech, Autumn 1978—??? Lecture(s) on “(not yet Super) String Theory.”

• Very mathematical, no connection to experiment.
• I was too naïve to grasp possibilities.
• Murry Gell-Mann stood up and announced, “This is the future of 

particle physics.”
• Maybe cosmology wasn’t so bad!

Observations collapsed my wavefunction and I became a cosmologist 



Now some non-n comments

Neutrino (and most of all) particle cosmology assumes LTE in the radiation-dominated era in the 
early Universe.
But the Universe became radiation dominated only at reheating following inflation.
The reheat temperature could be as low as a few MeV (set by BBN and neutrinos).

What about fields with                     or interactions too feeble to establish LTE?
Is there another way to produce particles other than colliding SM particles?
Yes: Neutrino oscillations (Dodelson-Widrow; Shi-Fuller).
Yes: Gravitational Particle Production (GPP).   The expanding universe creates particles!
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Disturbing the Quantum Vacuum
Particle creationElectric field

Sauter (1931); Heisenberg & Euler (1935); Weisskopf (1936); Schwinger (1951) 

Particle creation if energy gained in acceleration from E  field 
over a Compton wavelength exceeds the particle’s rest mass. 
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~E

In vacuum

Image: Malate 2017 (AIP)

Turn on      field 
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Particle creation if energy gained in acceleration from expansion of 
space over a Compton wavelength exceeds the particle’s rest mass. 

Disturbing the Quantum Vacuum
Particle creationExpanding space

In vacuum

Image: Malate 2017 (AIP)

In presence of expanding space expansion
of space

Schrödinger (1939)
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Cosmological Gravitational Particle Production (CGPP)
• In Minkowskian QFT, a particle is an IR of the Poincaré group.
• But, expanding universe not Poincaré invariant.
• Notion of a “particle” is approximate.

Schrodinger (1939);   Parker (1965, 68);   Fulling, Ford, & Hu;  
Zel’dovich;   Starobinski;  Grib, Frolov, Mamaev, & 
Mostepanenko;  Mukhanov & Sasaki, Birrell & Davies…
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Quantum Field Theories in the Early Universe
1. QFTs, well-behaved in Minkowski space, can develop pathologies when promoted to FRW.
2. This is especially acute for “higher-spin” QFTs (1, 3/2, 2, …).
3. And some funny business for spin-0.
4. Is there a swampland of Minkowskian QFTs?
5. Or should we just accept restrictions on parameters of the QFTs (mass, couplings, etc.).

More complete treatment in 
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I. INTRODUCTION

The high temperatures of the early Universe offer an
environment in which to study the properties of known
elementary particles, and to explore the consequences of
hypothetical new particle species. An important feature of
the big-bang laboratory for particle physics is that the high
temperatures of the early Universe are capable of producing
particles of mass far beyond the reach of terrestrial accel-
erators. However, there are two caveats to the expectation that
new particle species were present in the primordial plasma.

(1) Utilizing the hot primordial plasma as a source of new
particles usually assumes that the particles have inter-
actions with standard-model (SM) particles. But what
about a new particle species without interactions with
SM particles? (When we speak of interactions with SM
particles, we do not include gravitational interactions.)
Indeed, many ideas for beyond-the-standard-model
(BSM) physics involve hidden sectors, secluded par-
ticles, the shadow world, or reclusive particle species
with interactions too weak to be populated in the
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How should one regard QFTs, perfectly healthy in Minkowski spacetime, but have issues in a non-pathological, 
classical gravitational background?

1. (HI –dependent, TRH –dependent, and spin–dependent) limits on stable particles masses from W.
       Is that an issue with the QFT, or just a result like mn ≲ eV?

2. Stable, minimally-coupled scalars have infrared issues unless m ≳ HI         [Chung, EWK, Riotto, Senatore (05)].
       Is that an issue with the QFT, or just “not in our universe”?

3. Dark photons have issues with runaway production if non-minimally coupled [Campanelli, Jenks, EWK, McDonough (24)].      
                     Shared with massive Kalb-Ramond fields.   [Campanelli, Jenks, EWK, McDonough (24)].

4. Massive Rarita-Schwinger fields can have catastrophic production unless m ≳ HI  [EWK, Long, McDouough (21)].
       SUGRA people should pay attention.

5. Massive Fierz-Pauli fields can develop ghosts and gradient instabilities unless m ≳ HI   [EWK, Ling, Long, Rosen (21)].
       Is there a better formulation of massive gravity?

6. Do we have to look at different gravity theories at high-energy.
       Torsion, contorted geometry [Mavromatos & Sarkar); disformal gravity [Hell].

7. Is there a Flatland Swampland?

Quantum Field Theories in the Early Universe



https://louisianaswamp.com/ 
A swamp can be beautiful and teeming with life (that will sting, bite, or eat you)
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