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Fig. 2. The invariant mass spectrum of µ+µ− (top) and ee (bottom) events. The
points with error bars represent data. The uncertainties in the data points are sta-
tistical only. The histograms represent the expectations from SM processes: Z /γ ∗ ,
t t and other sources of prompt leptons (tW, diboson production, Z → ττ ), and the
multijet backgrounds. Multijet backgrounds contain at least one jet that has been
misreconstructed as a lepton.

due to misidentiÞed jets is 381 ± 153 (127 ± 51) for mee > 120
(200) GeV.

5.4. Cosmic ray muon backgrounds

The µ+µ− data sample is susceptible to contamination from
traversing cosmic ray muons, which may be misreconstructed as
a pair of oppositely charged, high-momentum muons. Cosmic ray
events are removed from the data sample using selection criteria
mentioned above, which eliminate events with two muons hav-
ing collinear tracks and events with muons that have large impact
parameters relative to the collision vertex. For the dimuon mass re-
gion mµµ > 200 GeV, the residual mean expected background was
estimated using two event samples. Events in one sample were se-
lected without imposing the requirement on the dimuon opening
angle and in the other sample the requirements on muon impact
parameter and on the existence of a good quality primary vertex
were not applied. The e fficiencies of the remaining cuts were esti-

Fig. 3. The cumulative distribution of the invariant mass spectrum of µ+µ− (top)
and ee (bottom) events. The points with error bars represent data; the histograms
represent the expectations from SM processes.

mated using these samples and treated as uncorrelated in order to
determine the Þnal total e fficiency. This background was found to
be less than 0.2 events.

6. Dilepton invariant mass spectra

Fig. 2 shows a comparison of data and expected backgrounds
in both dimuon (top) and dielectron (bottom) mass spectra. The il-
lustrated ÒjetsÓ contribution includes events where at least one jet
has been misreconstructed as a lepton. The component from events
where two jets are misreconstructed as electrons was obtained
from data. Contributions from W → eν + jet and γ + jet events
were estimated from MC simulations, as were all other back-
grounds illustrated. The relative fractions of backgrounds derived
from simulation are determined using theoretical cross sections.
Overall, these backgrounds are normalized to the data using the ra-
tio of the number of observed to expected events within a window
of 60Ð120 GeV, which includes the Z resonance peak. Fig. 3 shows
the corresponding cumulative distributions of the spectra for the
dimuon (top) and dielectron (bottom) samples. The expected yields
in the control region (120Ð200 GeV) and in the high invariant mass
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Figure 1: Upper limit on σ
(

pp →Z ′X→"+"−X
)

with " = e or µ as a function of MZ′ [17], as-
suming equal couplings for electrons and muons.
The lines labelled by Z ′

ψ and Z ′
χ are theoretical

predictions for the U(1)10+x5̄ models in Table 1
with x = −3 and x = +1, respectively, for gz

fixed by an E6 unification condition. The Z ′
SSM

line corresponds to Z ′ couplings equal to those
of the Z boson.

It is common to present results of Z ′ searches as limits

on the cross section versus MZ′ (see for example Fig. 1). An

alternative is to plot exclusion curves for fixed MZ′ values in

the cf
u−cf

d planes, allowing a simple derivation of the mass limit

within any Z ′ model. LHC limits in the c#
u − c#

d plane (" = e or

µ) for different MZ′ are shown in Fig. 2 (for Tevatron limits,

see [18,6]).

The discovery of a dilepton resonance at the LHC would

determine the Z ′ mass and width. A measurement of the total

cross section would define a band in the c#
u − c#

d plane. Angular

distributions can be used to measure several combinations

of Z ′ parameters (an example of how angular distributions

improve the Tevatron sensitivity is given in [19]). Even though

the original quark direction in a pp collider is unknown, the
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Standard Model Lagrangian includes all terms of canonical dimension 4 and less, 
consistent with three generations of quarks and leptons and the 
SU(3)*SU(2)*U(1) gauge structure at classical and quantum levels. 

67%8$%8(%922,*:"+,%;",0)%<5,'-.

Z&L2 H
2 FG+

SMGSMH$h&)55&27*&i&0+(*4&9DSMI$" SMI$$GSMA&h

?+<0(71-&*)44&-D+()0-(4&9+"6"+''+807=+&B7*ZYA

h9j"8-+'' "&P! , A&k B7*&c&+089DSMI$" SMI$$GSMA&&h&g

)55&5-,+40&27*+147-1&D-(0)54&9DSMI$" SMI$$GI$DDSI$" DSI$$GDSA&k
D-(0)5&8-<D57164

h&2)(.&4+80-(&710+()807-14&9DDSI$" DSI$$GDSA

/@ LL/0)12)(2&@-2+5

B/ MB)(.&/+80-(&-(&#$%4

L2020s = m
2
H
H

†
SMHSM + all dim 4 terms(ASM, SM, HSM)

neutrino mass terms/e↵ective dim 5 operators

2



'

R+0&<4&*+&55)0.D-447E5+&8-11+807-14&E+0,++1&B)(.&4+80-(&)12&/@

G! G F# J2 K$D$JH U7664L47165+0&48)5)(&710+()807-14&948)5)(&D-(0)5A
Lµ! Mµ! Gl71+078&*7O716H&,70;&)22707-1)5&_9!Ab&6(-<D

9E+8-*+4&)&4D+87'78&+O)*D5+&-'&Nµ
i Dµ +O0+147-1A

OG! 1+<0(71-&`<.),)&8-<D5716:&! MmU&1+<0(71-&&

Nµ
i Dµ (+I<7(+4&6)<6+&71=)(7)18+&)12&)1-*)5C&8)18+55)07-1

$0&74&=+(C&57.+5C&0;)0&0;+&-E4+(=+2&1+<0(71-&*)44+4&71278)0+&0;)0&
?)0<(+&*)C&;)=+&<4+2&0;+&OG! D-(0)5g&

B7*ni

Nµ
A  $µ &$P0$$$$$$)O7-178D-(0)5

ggg"

/'$='0'#"*80%*'($:-8"(:$%'(%>4'-:80$?%:'%
:5,%67



!"#$%&#'#()*$+)(&,*'+-*).-/*0(12+-
!"#$% &'()*+,*- './

! ÒEffectiveÓ charge of the Òdark sectorÓ particle %is Q = e ! &
(if momentum scale q > mV ). At q < mV one can say that 
particle %has a non-vanishing EM charge radius, . 

! Dark photon can ÒcommunicateÓ interaction between SM and 
dark matter. It represents a simple example of BSM physics.

(

!

"

! �

e

#

Figure 1: The interaction through the exchange by a mixed! ! A! propagator between the
SM particles and particles" charged under newU(1)! group. In the limit of mA ! " 0 the
apparent electromagentioc charge of" is e#.

In the simplest example, a new fermionic Þeld charged under bothU(1)Õs will gener-
ate an additional contribution to the mixing angle that scales as! # # g!e/ (12$2) $
log(" 2

UV /M )2. In principle, the two sectors can be Óseveral loop removedÓ, so that one
can entertain a wide range of mixing angles.

2. If both groups are unbroken,mV " 0, then " represent the Ómillicharged particlesÓ
with electric chargeq! = e#. For mV %= 0, at |q2| < m 2

V , the particles" can be thought
of as neutral particles with a non-vanishing electric charge radius,r 2

! & 6#m" 2
V . The

diagram, describing basic interaction between the two sectors is shown in Fig. 1.

3. If there are no states charged underU(1)! (or they are very heavy), andmV is taken to
be zero, then the two sectors decouple even at non-zero#. This leads to the suppression
of all interactions for a dark photon inside a medium, ifmV becomes smaller than the
characteristic plasma frequency, and all processes with emission or aborption of dark
photons decouple as# m2

V [8].

4. New vector boson, interacting with the SM via the electromagnetic current, conserves
all discrete symmetries (parity, ßavour,CP etc). Also, importaintly, A! does not couple
directly to neutrinos. As a consequence, the interaction strength due to the exchange of
A! can be taken to be stronger than that of weak interactions, (e#)2/m 2

A ! ; (e#g!)/m 2
A ! '

GF . This property proves very useful in constructing the light dark matter models with
the use of vector portal.

Although this model was known to theorists and well-studied over the years (e.g. Refs.
[9,10]), a revival of interest to models based on kinetically-mixedA! occurred in last 10 years,
as a response to various astrophysical anomalies, that this model allows to explain in terms
of weakly-interacting dark matter. Subsequent searches of the dark photon triggered new
analyses of the past or existing experiments [11Ð20], and generated new dedicated experi-
ments in di#erent stages of implementation [21Ð24]. In this chapter, we are going to show

3

1.1 Kinetic mixing

Consider a QED-like theory with one (or several) extra vector particle(s), coupled to the
electromagnetic current. A mass term, or in general a mass matrix for the vector states, is
protected against additive renormalization due to the conservation of the electromagnetic
current. If the mass matrix for such vector states has a zero determinant, det(M2

V ) = 0, then
the theory contains one massless vector, to be identiÞed with a photon, and several massive
vector states.

This is the model of ÔparaphotonsÕ, introduced by Okun in early 1980s [6], that can be
reformulated in equivalent language using the kinetic mixing portal. Following Holdom [7],
one writes a QED-like theory with twoU (1) groups, supplemented by the cross term in the
kinetic Lagrangian, and a mass term for one of the vector Þelds.

L = L ! ,A + L " ,A! !
!
2
Fµ#F

!
µ# +

1
2
m2

A! (A!
µ)2. (1.1)

L ! ,A and L " ,A! are the standard QED-type Lagrangians,

L ! ,A = !
1
4
F 2
µ# + ø" [#µ(i$µ ! eAµ) ! m! ]"

L " ,A! = !
1
4

(F !
µ#)2 + ø%[#µ(i$µ ! g!A!

µ) ! m" ]%, (1.2)

with Fµ# and F !
µ# standing for the Þelds strength tensors. States" represent the QED

electron Þelds, and states%are similar particles, charged under ÓdarkÓU (1)!. In the limit
of ! " 0, the two sectors become completely decoupled. In eq. (1.1), the mass term forA!

explicitly breaks the secondU (1), but is protected from additive renormalization, and hence
is technically natural. Using the equations of motion,$µFµ# = eJEM

# , the interaction term
can be rewritten as

!
!
2
Fµ#F

!
µ# = A!

µ # (e! )JEM
µ , (1.3)

showing that the new vector particle couples to the electromagnetic current with strength,
reduced by a small factor! . The generalization of (1.1) to the SM is straightforward, by
subsituting the QED U (1) with the hyperchargeU (1) of the SM.

There is a multitude of notations and names referring to one and the same model. We
shall call theA! state as Ódark photonÓ. It can also be called asV (Y ), a vector state coupled
to the hypercharge current. We choose to call the mixing angle! , and throughout this
chapter assume! $ 1. In contrast, one does not have to assume a smallness ofg! coupling,
which can be comparable to the gauge couplings of the SM,g! % gSM.

Athough the model of this type is exceedingly simple, one can already learn a number of
instructive features.

1. The mixing parameter! is dimensionless, and therefore can retain information about
the loops of charged particles at some heavy scaleM without power-like decoupling.
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Figure 1: The interaction through the exchange by a mixed � � A⇥ propagator between the
SM particles and particles ⌅ charged under new U(1)⇥ group. In the limit of mA� ⇧ 0 the
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V . The
diagram, describing basic interaction between the two sectors is shown in Fig. 1.
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A Ðphoton, AÕÐÒdark photonÓ, 
" - an electron, %- a DM state, 
gÕÐa ÒdarkÓ charge
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Parameter Value (68%) 
"bh2# 0.02207±0.00027 
"ch2 # 0.1198±0.0026 (is it high?) 
100$* (acoustic scale at 
recombination) 

1.04148±0.00062 (~ 500 parts 
per million accuracy) 

 !# 0.091±0.014 (WMAP seeded) 
ln(1010As) 3.090±0.025 
ns 0.9585±0.0070 (<1 at > 5 %)  
H0 67.3±1.2 (is it low?) 
"&# 0.685±0.017 
%8# 0.828±0.012 
zre 11.1±1.1 

BASE &CDM MODEL (Planck + WP + HL) 

Parameter Value (95%) 
! K"  -0.0005±0.0066 
# m$ (eV)"  <0.23 
Neff    3.30±0.54 
YP"    0.267±0.040 
dns/dlnk   -0.014±0.017 
r0.002  <0.11 
w   -1.13±0.24 

 EXTENDED %CDM MODELS (Planck
+BAO) 
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L 2020s = m2
H H  

SMHSM + all dim 4 terms(ASM, ! SM, HSM)

neutrino mass terms/ e! ective dim 5 operators

all lowest dim portals

L = L SM +
1
2

(" µS)2 ! m2
0S2 + #S2(H   H ) (10)

"$ann v#=
#2

4%m2
S

$ 10�36cm2 %c (11)

$pS =
#2

%2m2
S

m2
p (200 MeV)2

m4
h

(12)

mS >& 1 TeV (13)

# > 0.15 (14)

37Ar ' 2�t/ (35 day) (15)
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Exponentialexpansionof theUniverse with H = Hinfl ~ const , that
stretchesonesmallpatch to many many horizons, 
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! There are some conceptual problems: nearly arbitrary choice for an
inflatonpotential, eternal inflations, initial conditions etc

! Only theupperboundonHinfl exists. This is usually phrased as a limit 
on the so-called tensor-to-scalar ratio ÒrÓ. 

! Wedonotknow atwhattemperatureT inflation ended and created hot 
Universe. We do not know what maximum mass relics can be 
produced.

3<((+10&57*70&-1&' 7*D57+4&

Hinfl < 1014 GeV. 

What is the amplitude of 
'( ?
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11 22. Big-Bang Cosmology

easily computed as in Eq. (22.40). In general, we can approximate the energy density (at high
temperatures) by including only those particles with mi π T . In this case, we have

fl =
A

ÿ

B
gB + 7

8
ÿ

F
gF

B
fi2

30T 4 © fi2

30 N(T ) T 4, (22.42)

where gB(F) is the number of degrees of freedom of each boson (fermion) and the sum runs over all
boson and fermion states with m π T . The factor of 7/8 is due to the di�erence between the Fermi
and Bose integrals. Eq. (22.42) defines the e�ective number of degrees of freedom, N(T ), by taking
into account new particle degrees of freedom as the temperature is raised. This quantity, calculated
from high temperature lattice QCD, is plotted in Fig. 22.3 [39]. Near the QCD transition, there
is a slight di�erence between the coe�cient of T 4 for fl and the coe�cient of T 3 for the entropy
density s = (2fi2/45)Ns(T )T 3 [40], as seen in the figure.

Figure 22.3: The e�ective numbers of relativistic degrees of freedom as a function of temperature.
The sharp drop corresponds to the quark-hadron transition. The bottom panel shows the relative
ratio between the number of degrees of freedom characterizing the energy density and the entropy.

The value of N(T ) at any given temperature depends on the particle physics model. In the
standard SU(3) ◊ SU(2) ◊ U(1) model, we can specify N(T ) up to temperatures of O(100) GeV.
The change in N (ignoring mass e�ects) can be seen in the table below.
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Temperature New Particles 4N (T)
T < m e ! Õs +" Õs 29
me < T < m µ e± 43
mµ < T < m ! µ± 57
m! < T < T  

c #Õs 69
Tc < T < m strange #Õs +u, øu, d, ød + gluons 205
ms < T < m charm s, øs 247
mc < T < m " c,øc 289
m" < T < m bottom $± 303
mb < T < m W ,Z b,øb 345
mW,Z < T < m Higgs W ± , Z 381
mH < T < m top H 0 385
mt < T t, øt 427

  Tc corresponds to the conÞnement-deconÞnement transition between quarks and hadrons.
At higher temperatures, N (T) will be model-dependent. For example, in the minimal SU(5)

model, one needs to add 24 states toN (T) for the charged and coloredX and Y gauge bosons,
another 24 from the adjoint Higgs, and another 6 scalar degrees of freedom (in addition to the 4
associated with the complex Higgs doublet already counted in the longitudinal components ofW ±

and Z , and in H ) from the 5 of Higgs. Hence forT > m X in minimal SU(5), N (T) = 160.75. In a
supersymmetric model this would at least double.

In the radiation-dominated epoch, Eq. (22.10) can be integrated (neglecting theT-dependence
of N ) giving us a relationship between the age of the Universe and its temperature

t =
3

90
32#3GNN (T)

41/ 2

T≠2 . (22.43)

Put into a more convenient form

t T 2
MeV = 2 .4[N (T)]≠1/ 2, (22.44)

where t is measured in seconds andTMeV in units of MeV.

22.3.3 Neutrinos and equilibrium
Due to the expansion of the Universe, certain rates may be too slow to either establish or

maintain equilibrium. Quantitatively, for each particle i , as a minimal condition for equilibrium,
we will require that some rate %i involving that type be larger than the expansion rate of the
Universe, or

%i > H. (22.45)

Recalling that the age of the Universe is determined byH ≠1, this condition is equivalent to requiring
that on average, at least one interaction has occurred over the lifetime of the Universe.

A good example for a process that goes in and out of equilibrium is the weak interaction of
neutrinos. On dimensional grounds, one can estimate the thermally averaged scattering cross-
section:

È&vÍ ≥ O(10≠2)T2/m 4
W

(22.46)

for T <≥ mW. Recalling that the number density of leptons is n Ã T3, we can compare the weak
interaction rate, %wk ≥ nÈ&vÍ, with the expansion rate,

H =
3

8#GN'
3

41/ 2

=

A
8#3

90
N (T)

B1/ 2

T2/M P

ƒ 1.66N (T)1/ 2T2/M P,

(22.47)

11th August, 2022

����
V

0

V0

���� <
1

M̄P l

⇥
p
0.3

⌦1/2
⇤

(34)

L =
1

2
(@µ�)

2 � (V0 + V
0
�) +

�⇥ ⇣

4M̄P l

⇥ (FEM

µ⌫
)2 (35)

����M̄P l

V
0

V0

���� (36)

1

H0

↵̇

↵
= ⇣⌦⇤ ⇥ M̄P l

V
0

V0
(37)

�E = �dhi|(E · sn)|ii �
X

k 6=i

hi|(E · ere)|kihk|(d/e)sn ·rrnU(rn � re)|ii
Ei � Ek

�

X

k 6=i

hi|(d/e)sn ·rrnU(rn � re)|kihk|(E · ere)|ii
Ei � Ek

= �dhi|(E · sn)|ii � d

X hi|(E · re)|kihk|[(sn · ipe), H]|ii+ hi|[(sn · ipe), H]|kihk|(E · re)|ii
Ei � Ek

= �dhi|(E · sn)|ii � dhi|[(E · re), (sn · ipe)]|ii = �dhi|(E · sn)|ii+ dhi|(E · sn)|ii = 0

d
free

n
⇠ ✏⇥

✓
�m

�mn�n0

◆2

⇥ d
dark

n0 (38)

d
bound

n
⇠ ✏⇥

✓
�m

5MeV

◆2

⇥ d
dark

n0 (39)

H
2 ⌘

✓
ȧ
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! What was the initial temperature of hot Universe? 

! Did ÓweÓlive through the electroweak phase transition? Based on 
popular/minimal models of baryogenesis, most likely ÒyesÓ. In that 
sense, existence of an epoch with T > mW,Z,his very likely. 

! Problem: very few observational clues from epochs earlier than BBN: 
baryon-antibaryon asymmetry, and perhaps dark matter.
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Figure from MP, Pradler (2010). 
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Figure 24.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis — the bands show the 95% CL range [50]. Boxes indicate the
observed light element abundances. The narrow vertical band indicates the CMB measure of the
cosmic baryon density, while the wider band indicates the BBN D+4He concordance range (both
at 95% CL).

reflects the combined statistical and systematic errors, with the latter, estimated to be ±0.002 [67],
being dominant.
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The quoted error is much smaller (by a factor of ⇠ 5) than those obtained in the
previous study. The improvement of the D measurement is a main reason why we
obtain more stringent BBN constraints than those in the previous work [28] as seen in
later sections.

•
3He

The 3He abundance is measured in protosolar objects. As described in the previous
work [28] we use the ratio 3He/D as observational constraint instead of using 3He/H.
This is because chemical evolution can increase or decreases the 3He abundance and it
is di! cult to infer the primordial value for 3He. On the other hand the D abundance
always decrease in chemical evolution and D is more fragile than 3He. Consequently,
the ratio 3He/D increases monotonically with time, which allows us to use the measured
3He/D as an upper bound on the primordial value [36]. From 3He abundances observed
in protosolar clouds [37], we adopt

(3He/D)p < 0.83 + 0.27. (2.2)

•
4He

The primordial mass fraction of 4He, Yp, is inferred from measurement of recombination
lines of HeII (and HII) emitted from extra-galactic HII regions. Izotov, Thuan and
Guseva [38] reported a new determination of Yp with the use of the infrared as well as
visible 4He emission lines in 45 extragalactic HII regions. Their result is

Yp = 0.2551± 0.0022. (2.3)

After Ref. [38] was reported, Aver, Olive and Skillman [39] reanalyzed the data of Ref.
[38]. They estimated the 4He abundance and its error by using Markov chain Monte
Carlo (MC) analysis and obtained

Yp = 0.2449± 0.0040. (2.4)

Thus, the two values are inconsistent, and the discrepancy is more than a 2! level. If
we adopt the baryon-to-photon ratio " determined by Planck, the BBN prediction for
Yp is well consistent with Eq. (2.4) but not with Eq. (2.3). For this reason we adopt
the value given in Eq. (2.4) as a constraint on Yp. We will also show how constraints
change if we adopt Eq. (2.3).

•
7Li (and 6Li)

The primordial abundance of 7Li was determined by measurement of 7Li in atmospheres
of old metal-poor stars. The observed 7Li abundances in stars with [Fe/H] = �(2.5�3)
showed almost a constant value (log

10
(7Li/H) ' �9.8) called Spite plateau which was

considered as primordial.#3 However, the plateau value turns out to be smaller than the

#3 [Fe/H] ⌘ log10(Fe/H)� log10(Fe/H)! , where � indicates the solar abundance.

3

wherenX is the number density ofX , s is the entropy density, and the quantity is evaluated
at the cosmic time much earlier than the lifetime ofX (denoted as⌧X). We take into account
theoretical and observational progresses. In particular, compared to the previous studies:

• The reaction rates of the SBBN reactions are updated.

• The most recent observational constraints on the primordial abundances of the light
elements are adopted.

• The calculation of the evolution of the hadronic showers induced by energetic nucleons
from the decay is improved.

• We include the e↵ect of hadronic shower induced by energetic anti-nucleons from the
decay.#2

We consider various decay modes of long-lived particles and derive upper bounds on their
abundances. We also apply our analysis to the study of the e↵ects of unstable gravitino on
the light element abundances. In the study, we adopt several patterns of mass spectra of
superparticles (i.e., squarks, sleptons, gauginos, and Higgsinos) suggested by viable SUSY
models, based on which the partial decay rates of gravitino are calculated.

The organization of this paper is as follows. In Section 2, we summarize the observational
constraints on the light element abundances we adopt in our analysis. In Section 3, we
explain how the theoretical calculation of the light element abundances is performed with
taking into account the e↵ects of the decay of long-lived particles. Upper bounds on the
primordial abundances of generic decaying particles are given in Section 4. Then, our analysis
is applied to the case of unstable gravitino in Section 5. Section 6 is devoted for conclusions
and discussion.

2 Observed Abundances of the Light Elements

We Þrst summarize the current observational constraints on the primordial abundances of
the light elements D,4He, 3He and 7Li. In the following (A/B) denotes the ratio of number
densities of light elements A and B, and the subscript ÒpÓ indicates the primordial value.

• D

The primordial abundance of D is inferred from D absorption in damped Ly↵ systems
(DLAs). Most recently Cook et al. [35] measured D/H by observing a DLA toward
QSO SDSS J1358+6522. Moreover they reanalyzed four previously observed DLAs
and from the total Þve DLA data they obtained the primordial D abundance as

(D/ H)p = (2 .53± 0.04)⇥ 10�5. (2.1)

#2For annihilating massive particles, we had partly considered the e↵ects induced by anti-nucleons emitted
from the annihilation [34].

2
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The neutron/proton freezeout ratio and 
Deuterium bottleneck are sensitive to 
extra contributions to the Hubble 
expansion rate, by e.g.FIPs. 
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Figure 2: Change of nuclear abundances relative to their SBBN values as a function of the

“dark radiation” component ρdr/ρSM = ∆ρSM/ρSM. The vertical band shows the allowed

amount of dark radiation that keeps Yp in the 0.24 ÷ 0.26 window.

The result (19) can also be developed further into constraints on the properties of the

dark radiation fields and the temperature of their thermal decoupling from the SM field

content. Suppose that the dark radiation sector contains N bosonic light neutral fields that

are connected to the SM via some heavy Λn-scale suppressed operators of dimension n > 4.

Then, the thermalization rate of dark radiation with the SM particles would typically scale

as Γth ∼ T (T/Λn)2(n−4). The temperature of thermal decoupling is given by the condition

H(Td) ∼ Γth. Therefore, for every given N that threatens to violate the bound of Eq. (19)

one can determine a minimal decoupling temperature, and for any given n place a lower

bound on the high-energy scale Λn. For example, if N ≥ 3, then the thermal decoupling

of these species must occur around the quantum chromodynamics hadronization epoch

(T ∼ 200MeV) or earlier. By comparing the Hubble rate with the thermalization rates at

that epoch, one arrives at

N ≥ 3 ⇒ Λ5 > 5× 108 GeV; Λ6 > 5 TeV. (20)

If the interaction is mediated by dimension five operators then the sensitivity to the Λ

scale can extend very far—indeed, much beyond directly accessible energy scales in collider

experiments. In exactly the same way, one can constrain properties and interactions of

right-handed neutrinos, should they be light. For example, Eq. (19) can be used to set

9

FIG. 4. (Color online) The four panels show the BBN yields of 4He (upper left), D (upper right), 3He (lower left), and 7Li (lower
right) as a function of the WIMP mass, m�, for ⌦Bh

2 = 0.022 and �N⌫ = 0. Solid curves show results for fermionic WIMPs
(red for Dirac, black for Majorana) and dashed curves show results for bosonic WIMPs (green for a complex scalar, blue for a
real scalar). In the upper left and lower right panels, the curves in region III are from top to bottom, Dirac fermions, complex
scalars, Majorana fermions, real scalars. In the lower left and upper right, the sequence is reversed. The 4He abundance is
shown as a mass fraction YP, and the other abundances are shown as ratios by number to hydrogen.

understanding the results and the parameter constraints they provide, the yields for fermionic and bosonic WIMPs
are shown as functions of m! for ! N" = 0 and the CMB value of " B h2 in Fig. 4.

Similar results may be found in the prior literature [1, 2, 21]. The results here are in excellent agreement with
those presented in Ref. [21]. They are in fair agreement with those shown in Ref. [1], the latter having been computed
in 1986 with di#erent rates and a much lower adopted value of " B h2. There is a small, but real disagreement with
Ref. [2] (and between Refs. [2] and [1]) in the middle mass range of each graph, including the entire region between
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Figure 12: Constraints on mXYX vs. ⌧X plane, assuming that the main decay modes are uū (upper
left), bb̄ (upper right), tt̄ (lower left) and gg (lower right). The black, dark-red, red, green, blue
and magenta solid lines denote the BBN constraints for mX = 0.03, 0.1, 1, 10, 100 and 1000 TeV,
respectively. The orange shaded regions are excluded by the constraint from the CMB spectral
distortion.
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Figure 13: Constraints on mXYX vs. ⌧X plane, assuming that the main decay modes are e+e�

(upper left), ⌧+⌧� (upper right), �� (lower left) and W+W� (lower right). The black, dark-red,
red, green, blue and magenta solid lines denote the BBN constraints for mX = 0.03, 0.1, 1, 10, 100
and 1000 TeV, respectively. The orange shaded regions are excluded by the constraint from the
CMB spectral distortion.
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From Kawasaki, Kohri, Moroi, Takaesu, 2017
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CMB spectrum is shown to be precisely Planckian (FIRES experiment 
on COBE) with 1 part per 104. Standard cosmology does not predict 
much more than 1ppb deviations. 

];74&67=+4&4+14707=70C&0-&+"6"5)0+&
71q+807-1&-'&+1+(6CF

W'0+(f&X&K&!V0 97"+"E+0,++1&>>?&
)12&3@>&2+8-<D5716A&D;-0-1&
1<*E+(&2+1470C&2-+4&1-0&+I<757E()0+&
)1C*-(+F&

����
V

!

V0

���� <
1
øMP l

!

"
0.3

! 1/ 2
⇤

(34)

L =
1
2

(! µ" )2 # (V0 + V
!" ) +

" ! #
4 øMP l

! (F EM
µ! )2 (35)

���� øMP l
V

!

V0

���� (36)

1
H0

ú$
$

= #! ⇤ ! øMP l
V

!

V0
(37)

" E = # d$i|(E · sn)|i% #
X

k"= i

$i|(E · ere)|k%$k|(d/e)sn · & r n U (rn # re)|i%
Ei # Ek

#

X

k"= i

$i|(d/e)sn · & r n U (rn # re)|k%$k|(E · ere)|i%
Ei # Ek

= # d$i|(E · sn)|i% #d
X $i|(E · re)|k%$k|[(sn · ipe), H]|i%+ $i|[(sn · ipe), H]|k%$k|(E · re)|i%

Ei # Ek

= # d$i|(E · sn)|i% #d$i|[(E · re), (sn · ipe)]|i%= # d$i|(E · sn)|i%+ d$i|(E · sn)|i%= 0

d
f ree
n ' %!

✓
&m

" mn# n!

◆2

! d
dark
n! (38)

d
bound
n ' %!

✓
&m

5 MeV

◆2

! d
dark
n! (39)

H
2 (

✓
úa
a

◆2

=
8' GN

3
( (40)

t

178sec
=

✓
109K
T

◆2

(41)

H(t) =
1
2t

(42)

#e+ " $ e+2 " < H; #e+ " $ e+ " > H (43)

4
$1q+807-1-' +1+(6+078D;-0-145+)240- 0;+&D;-0-1&8;+*78)5&D-0+107)5"&
@4"'"$&'"$,/($(4&($2&,.$/(4"'$%'/R"5$/0$(4"$%/5(ULL!I$%'"UVWL$
-"*/1%+),<$T,)Q"'5"7$



P(1+$6#4.2#+4*.4)*)(1+8%&#4N
! Extremely important epoch in cosmology

! After matter-radiation equality, structures start growing, DM develops 
potential wells where baryon-photon fluid is ÒfallingÓ, developing 
pressure waves.

! Electrons and protons form neutral H, and photon mean free path 
becomes large, i.e. they no longer scatter. We see Ó2dÓ information of 
where photons last scattered
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Unstable or annihilating particles can inject energy during the CMB 
epoch, affecting the ionized fraction, optical depth, and consequently the 
statistics of anisotropy peaks.     
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p2µ �
(p2µ)
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=
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p2µ
� 1

p2µ � �2
(16)

1

⇤2 � ✓p2 � �p6

�4
HL

(17)

Leverything = LSM+gravity + Linflation +
1

2
(⌅µa)

2 +
a

2fa
Fµ⇥F̃µ⇥ (18)

⇥ =
a1 � a2

fa
(19)

⌅EE⇧ ⇥ ⌅BB⇧; ⌅TB⇧ = ⌅EB⇧ = 0 (20)

L = �1

4
V 2
µ⇥ +

1

2
m2

V V
2
µ + �JEM

µ Vµ (21)

✓P = ⌃S + curl ✓V (22)

Lorentz symmetry, and its universality with respect to propagation and interaction of dif-
ferent types of particles, is a very well-established symmetry of nature. Stringent constraints
are derived on the parameters of e⇥ective Lagrangian that encode possible departures from
Lorentz symmetry [1, 2]. Existing models of Lorentz symmetry breaking did not go far be-
yond the e⇥ective Lagrangian description, and the idea that either a vector or the gradient of
a scalar field condense at intermediate or low energy while restoring the Lorentz symmetry
at high energies [3–5] so far has not found any reasonable ultraviolet (UV) completion. Even
more, it is not fully understood whether such completions exist in principle.

It is also conceivable that Lorentz symmetry is somehow broken by the UV physics, and
for example quantum gravity is often being tauted as being capable of causing that (see
e.g. [6]). If Lorentz violation (LV) is indeed a UV-related phenomenon, then there is a
significant conceptual hierarchy problem. One would expect that LV should manifest itself
in the lowest dimensional operators. Since the set of such operators starts from dimensions 3
and 4 [1,2], one should naively expect that the strength of LV interactions is of the order of
�LV for dimension 3 operators, and O(1) for dimension 4. Several mechanisms of protecting
higher-dimensional LV operators from “leaking” into the lower dimensional ones have been
proposed and partially summarized in [7].

The localization of LV to higher-dimensional operators can occur in various ways. For
example, Ref. [8] assumed that operators responsible for Lorentz violation are tensors of a
higher rank and irreducible, and therefore their appearance in dimension 3 and 4 operators is
prohibited. Refs. [9, 10] argue that supersymmetrization of the Standard Model (SM) leads
to automatic elimination of lower dimensional LV operators. The soft-breaking terms allow
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the expectations of the standard cosmology. Non-thermal
Dark Radiation (DR) is considered in the literature less
often, although many processes occurring solely in the
dark sector may lead to its appearance.

In recent papers [9, 10], interacting DR was examined
in the regime where the individual quanta are much fewer
in number but much harder in frequency than the typical
CMB photons, !DR � !CMB; nDR ⌧ nCMB, but such
that the Neff constraint is satisfied. This type of DR
may arise as a consequence of the late decays or annihi-
lations of massive DM particles. In this paper we study
the alternative, a much softer than CMB, but more nu-
merous DR quanta,

!DR ⌧ !CMB , nDR > nRJ , !DRnDR ⌧ ⇢tot . (1)

In this formula, ⇢tot stands for the total energy density
of radiation and DM, nDR is the number density of DR
quanta, while nRJ represents the low-energy Rayleigh-
Jeans (RJ) tail of the standard CMB Planck distribution,

nRJ =
1

⇡2

Z !max

0

!
2
d!

exp[!/T ] � 1
' T!

2
max

2⇡2

' 0.21x
2
max nCMB , h̄ = c = k = 1 units , (2)

where we find it convenient to define the normalized
photon frequency, x ⌘ !/TCMB, which is redshift-
independent. In this formula, nCMB = 2⇣(3)/⇡

2
T

3
CMB '

0.24T
3
CMB is the full Planckian number density, while

xmax = !max/TCMB is a (somewhat arbitrary) maximum
frequency of the low-energy RJ interval, xmax ⌧ 1. If
for example we take xmax = 2 ⇥ 10�3, then we find
nRJ/nCMB ' 10�6. It is easy to see that the number
density of DR quanta may indeed significantly exceed
nRJ. Saturating the constraint on Neff for the DR that
matches the CMB frequencies with xmax ⇠ 2 ⇥ 10�3, or
alternatively letting ⇠ 5% of DM energy density [11, 12]
be converted to DR in the same frequency range after
the CMB decoupling, we arrive at the maximum number
densities given by

nDR  1.5 ⇥ 102
nCMB, early DR with �Ne↵ = 0.5 ;

nDR  3.3 ⇥ 105
nCMB, late decay of 0.05 ⇢DM . (3)

Thus, soft DR quanta have a potential to outnumber the
RJ CMB photons by up to ⇠ 11 orders of magnitude.

What are the observational consequence of such soft
and numerous DR? Very light fields often have their in-
teractions enhanced (suppressed) at high (low) energies.
This is the case for neutrinos, that have Fermi-type in-
teractions with atomic constituents, as well as of axions
that have e↵ective dimension 5 interactions with fermions
and gauge bosons. This type of DR would be impossible
or very di�cult to see directly. There is, however, one
class of new fields comprising DR that can manifest their
interactions at low energies and low densities. These are
light vector particles (often called dark photons), A0, that

develop mixing angles with ordinary photons, ✏F
0
µ⌫Fµ⌫

[13]. The apparent number counts of the CMB radiation
can be modified by photon/dark photon oscillations:

dnA

d!
! dnA

d!
⇥ PA!A +

dnA0

d!
⇥ PA0!A , (4)

where PA!A = 1 � PA!A0 is the photon survival prob-
ability, while PA0!A is the probability of A

0 ! A oscil-
lation. Previously the constraints on the {mA0 , ✏} pa-
rameter space were derived [14, 15] using COBE-FIRAS
data [16] (that is, considering the depletion of CMB pho-
tons due to the first term in eq. (4)). The point of the
present paper is that the RJ tail of the CMB can get
a significant boost due to the second term in (4) with-
out contradicting the COBE measurement. While the
reliable extraction of the primordial contribution to the
RJ tail is challenging due to significant foregrounds, the
physics of the 21 cm line can provide a useful tool to probe
DR through the apparent modification of the low-energy
tail of the CMB.

The EDGES experiment has recently presented a ten-
tative detection of the 21 cm absorption signal coming
from the interval of redshifts z = 15 � 20 [17]. The
strength of the absorption signal is expected to be pro-
portional to 1 � TCMB/Ts [18], where TCMB counts the
number of CMB photons interacting with the two-level
hydrogen hyperfine system, and Ts is the spin tempera-
ture. The relevant photon energy is !0 = 5.9 µeV, and
photons with this energy at the redshift of z = 17 reside
deep within the RJ tail, x0 ⌘ !0/TCMB = 1.4 ⇥ 10�3.
This corresponds to much lower energy than direct mea-
surements such as COBE-FIRAS, that measures above
x = 0.23 [16], and ARCADE 2, which probes as low
as x = 0.053 (and finds an excess above the CMB pre-
diction) [19]. There are also earlier measurements that
constrain x ⇠ 0.02 � 0.04, although with larger uncer-
tainties [20, 21].

The locations of the left and right boundaries of the
claimed EDGES signal agree rather well with standard
cosmological expectations, but the amount of absorption
seems to indicate a more negative 1� TCMB/Ts temper-
ature contrast than expected. Given that the spin tem-
perature Ts cannot drop below the baryon temperature
Tb, a naive interpretation of this result could consist in
lower-than-expected Tb, or higher TCMB. Together with
related prior work [22, 23], a number of possible mod-
els were suggested [24–28], most of which have di�culty
to pass other constraints, [29–34]. The mechanism that
we point out, oscillation of non-thermal DR into visible
photons, can accommodate the EDGES result without
being challenged by other constraints. In the rest of this
paper, we provide more details on the suggested mecha-
nism, and identify the region of parameter space where
21 cm physics can provide the most sensitive probe of
DR.

Radio and 
Arcade excess
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! (Figures from Furlanettoet al, 2006, Phys. Rep.)

Fig. 6. (a) : IGM temperature evolution if only adiabatic cooling and Compton
heating are involved. The spin temperature TS includes only collisional coupling.
(b): Di! erential brightness temperature against the CMB for TS shown in panela.

computed exactly for any given temperature history from therate coe! cients
presented in¤2.2. A convenient estimate of their importance is the critical
overdensity, ! coll , at which xc = 1:

1 + ! coll = 1 .06

!
" 10(88 K)
" 10(TK )

" # 0.023
" bh2

$ # 70
1 + z

$ 2

, (67)

where we have inserted the expected temperature at 1 +z = 70. Thus for
redshifts z ! 70, TS → Tγ; by z ∼ 30 the IGM essentially becomes invisible.
It is worth emphasizing that " 10 is extremely sensitive toTK in this regime
(see Fig. 2). If the universe is somehow heated above the Þducial value, the
threshold density can remain modest:! coll ≈ 1 at z = 40 if TK = 300 K. The
solid line in Figure 6a shows the spin temperatureTS during the dark ages,
and Figure 6b shows the corresponding brightness temperature. The signal
peaks (in absorption) atz ∼ 80, whereTK is small but collisional coupling
still e! cient. Because of the simple physics involved in Figure 6, the 21 cm
line o#ers a sensitive probe of the dark ages [2], at least in principle.

47

Fig. 7. Global IGM histories for Pop II stars. The solid curves take our Þducial
parameters without feedback. The dot-dashed curve takesf X = 0 .2. The short- and
long-dashed curves include strong photoheating feedback.(a) : Thermal properties.
(b): Ionized fraction. (c) : Di! erential brightness temperature against the CMB. In
this panel, the two dotted lines show ! Tb without including shock heating. From
[270].

easier to isolate the e! ects of the ionization Þeld. SigniÞcant absorption during
reionization becomes more plausible for very massive Pop III stars, because
they have much larger ionizing e" ciencies (although their remnants may also
induce correspondingly large X-ray heating).

3.5.2 Some Example Histories

We will now use some representative models chosen from [270]to illustrate
these qualitative features in a more concrete fashion (see also [133,135,168]).
We begin with a Þducial set of Pop II parameters. We ignore feedback (of
all kinds) and take mmin to correspond toTvir = 104 K, f ! = 0.1, f esc = 0.1,
f X = 1, Nion = 4000, andN" = 9690. (Thus ! = 40 for this model.) Figure 7a
shows the resulting temperature history. The dotted curve is T#, the thin solid
curve is TK , and the thick solid curve isTS. As expected from equation (88),
in this case we do indeed Þnd thatzc > z h; speciÞcally,zc ! 18 andzh ! 14.
Clearly Ly" coupling is extremely e" cient for normal stars.

The solid curve in Figure 7b shows the corresponding ionization history, with
the clumping factor computed following [10] (which assumesthat the lowest
density regions are ionized Þrst). It increases smoothly and rapidly over a
redshift interval of # z " 5, ending at zr " 7. That is of course purely a
function of our choice for! , but other values do not strongly a! ect the width.

Figure 7c shows the corresponding 21 cm brightness temperature decrement
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! We live in the era of precision cosmology and know that atoms are a 
subdominant component to other forms of energy: Dark Matter and 
Dark energy. 

! Early Universe has some periodsthat are relatively well understood 
by us (e.g.BBN, CMB epoch). We understand what inflation does Òto 
the sky mapÓ and to formation of structure, but do not know what 
energy content it had. 

! FIPs,dependingon theirmass,couplingandtheway theyare
producedanddecay can: modify/saturate DM, change equation of 
state for dark energy, lead to radiation-like degree of freedom that 
modify Neff, cause late time energy injection modifying BBN and 
CMB observational patterns É..

Examples Ðin the next lecture. 


