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38 years rule = new forces of nature are 
discovered every 38 years for the last 150 yrs 

1.  1860s – first papers of Maxwell on EM. Light is EM excitation. 
E & M unification.  

2.  1897 – Becquerel discovers radioactivity – first evidence of 
weak charged currents (in retrospect). 

3.  1935 – Chadwick gets NP for his discovery of neutron with 
subsequent checks that there exists strong n-p interaction. Strong 
force is established. 

4.  1973 – Gargamelle experiment sees the evidence for weak 
neutral currents in nu-N scattering 

5.  2011/2012 Discovery of the Higgs, i.e. new Yukawa force.  
6.  Prediction: Discovery of a new dark force – 2050?  
 
(+/- 2 years or so).  
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Outline of the talk  
 

1.  Energy and Intensity Frontiers. Portals to SM. Implications of the 
LHC results. 

2.  “Anomalies” and various rationales for dark forces at low 
energy. Secluded U(1) (= dark photon) model. Possible 
connection to dark matter. Main features and signatures.  

3.  Selected new results/ideas for secluded sectors: 
 3a. Fixed target searches of dark photons and light (MeV  
  scale) dark matter 
 3c. Very very dark photons. Implication for CMB/BBN +    
  constraints from direct detection. 
 3d. Dark forces and world peace B-modes. 

4. Conclusions.  
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           SM corner 
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LHC can realistically pick up New Physics with αX ~ αSM , and 
mX  ~  1TeV, while having no success with αX<10-6, and mX ~ GeV.  
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Let us use these doors, and attach the Dark Matter to the SM 
H+H (λ S2 + A S)      Higgs-singlet scalar interactions 
Bµν Vµν         “Kinetic mixing” with additional U(1)’ group 
(becomes a specific example of Jµ

i Aµ extension) 
LH N     neutrino Yukawa coupling, N – RH neutrino   
Jµ

i Aµ   requires gauge invariance and anomaly cancellation 
It is very likely that the observed neutrino masses indicate that 

Nature may have used the LHN portal…  
Dim>4 
Jµ

A  ∂µ a /f      axionic portal 
………. 
 

Neutral doors [“portals”] to the SM 
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Simplest example of a dark force 
(Holdom 1986; earlier paper by Okun’) 

This Lagrangian describes an extra U(1)’ group (dark force, hidden 
photon, secluded gauge boson, shadow boson etc, also known 
as U-boson, V-boson, A-prime, gamma-prime etc), attached to 
the SM via a vector portal (kinetic mixing). Mixing angle κ (also 
known as ε, η) controls the coupling to the SM. New gauge 
bosons can be light if the mixing angle is small.  

Low-energy content: Additional massive photon-like vector V, and a 
new light Higgs h’, both with small couplings.  

 
Well over 100 theory papers have been written with the use of this 

model in some form in the last four years.  
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Conserved vector currents are uniquely positioned to avoid very 

strong flavor constraints. Axial vector portals, Higgs portals are 
potentially liable to very strong flavor constraints. Consider 
generic FCNC penguin-type loop correction.  
          

                   strange 
  
X             top-W loop 

         For a conserved vector current, GF q2 

     For axial vector current, GF mt
2 

          bottom   
 There is extremely strong sensitivity to new scalars, 
pseudoscalars axial-vectors in rare K and B decays.  

Why EM or baryonic currents are “safe” 
from flavor constraints 
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         Mediators  (SM Z, h etc or dark force) 
 
Heavy WIMP/heavy mediators:  - “mainstream” literature 
Light WIMPs/light mediators: Boehm et al; Fayet; MP, Ritz, Voloshin; Hooper, 

      Zurek; others 

Heavy WIMPs/light mediators: Finkbeiner, Weiner; Pospelov, Ritz, Voloshin 
(secluded DM); Arkani-Hamed et al., many others 

Light WIMPs/heavy mediators: does not work. (Except for super-WIMPs; or 
non-standard thermal history) 

 

Possible connection to WIMP-y dark matter 

Light (thermal relic) DM

18

⇒ viable thermal relic density for a sub-GeV WIMP requires new annihilation 
    channels through light states, i.e. light DM as part of a hidden sector.

Standard Model Hidden Sector

DM Annihilation

DM Production!

! by inversion, light mediators allow direct production of DM at low energy!

(particularly if mmediator > 2 mDM)

The Lee-Weinberg bound on the WIMP mass ~ few GeV 
applies if annihilation in the early universe is via SM forces.  

[Boehm & Fayet ’03]

Br(med ! DM) ~ 1

WIMPs, super-WIMPs 
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“Non-decoupling” of secluded U(1) 
Theoretical expectations for masses and mixing  

Suppose that the SM particles are not charged under new US(1), and 
communicate with it only via extremely heavy particles of mass 
scale Λ (however heavy!, e.g. 100000 TeV) charged under the 
SM UY(1) and US(1)                            (B. Holdom, 1986) 

 
Diagram                                                       does not decouple! 
A mixing term is induced, κ FY

µνFS
µν, 

With κ  having only the log dependence on mass scale Λ	

κ  ~ (αα’)1/2 (3π)-1 log(ΛUV/Λ) ~ 10-3 

MV ~ e’κ MEW (MZ  or TeV) ~ MeV – GeV 
This is very “realistic” in terms of experimental sensitivity range of 

parameters.  

    Λ	

UY(1)                             UV(1)       



Some specific motivations for new states/
new forces below GeV 

1.  Theoretical motivation to look for an extra U(1) gauge group.	

2.  Recent intriguing results in astrophysics. 511 keV line, 

PAMELA positron rise.	

3.  A decade old discrepancy of the muon g-2. 	

4.  New discrepancy of the muonic hydrogen Lamb shift.	

5.  Other motivations.	

….	
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Secluded WIMP idea – heavy WIMPs, light mediators 

 
 
 
 
 

 

ψ – weak scale Dark Matter; V –mediator particle. 

mmediator > mWIMP  mmediator < mWIMP 

Second regime of annihilation into on-shell mediators (called secluded) 
does not have any restrictions on the size of mixing angle κ. 	


It turns out this helps to tie PAMELA positron rise and WIMP idea 
together.  
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g-2 of muon 
BaBar contribution to the “hadronic piece” of VP diagram 

More than 3 sigma discrepancy 
for most of the analyses. 
Possibly a sign of new 
physics, but some 
complicated strong 
interaction dynamics could 
still be at play.  

Supersymmetric models with 
large-ish tanβ; light-ish 
sleptons, and right sign of µ 
parameter can account for 
the discrepancy.  

Sub-GeV scale vectors can also 
be at play.  
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κ-mV parameter space  
If g-2 discrepancy taken seriously, a new vector force can account 

for deficit. (Krasnikov, Gninenko; Fayet; Pospelov) 
E.g. mixing of order few 0.001 and mass mV ~ mµ 

MP, 2008 

Th
is

 a
xi

s i
s a

ls
o 

ca
lle

d 
ε2

 
or

 α
ef

f/α
 

Since 2008 a lot more of parameter space got constrained 



14 

κ-mV parameter space, Essig et al 2013  
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FIG. 6. Parameter space for dark photons (A�) with mass mA� > 1 MeV (see Fig. 7 for

mA� < 1 MeV). Shown are existing 90% confidence level limits from the SLAC and Fermilab

beam dump experiments E137, E141, and E774 [116–119] the electron and muon anomalous mag-

netic moment aµ [120–122], KLOE [123] (see also [124]), WASA-at-COSY [125], the test run results

reported by APEX [126] and MAMI [127], an estimate using a BaBar result [116, 128, 129], and a

constraint from supernova cooling [116, 130, 131]. In the green band, the A� can explain the ob-

served discrepancy between the calculated and measured muon anomalous magnetic moment [120]

at 90% confidence level. On the right, we show in more detail the parameter space for larger values

of �. This parameter space can be probed by several proposed experiments, including APEX [132],

HPS [133], DarkLight [134], VEPP-3 [135, 136], MAMI, and MESA [137]. Existing and future

e+e− colliders such as BABAR, BELLE, KLOE, SuperB, BELLE-2, and KLOE-2 can also probe

large parts of the parameter space for � > 10−4 − 10−3; their reach is not explicitly shown.

string theory constructions can generate much smaller �. While there is no clear minimum

for �, values in the 10
−12 − 10

−3
range have been predicted in the literature [140–143].

A dark sector consisting of particles that do not couple to any of the known forces and

containing an A�
is commonplace in many new physics scenarios. Such hidden sectors can

have a rich structure, consisting of, for example, fermions and many other gauge bosons.

The photon coupling to the A�
could provide the only non-gravitational window into their

existence. Hidden sectors are generic, for example, in string theory constructions [144–147].

and recent studies have drawn a very clear picture of the different possibilities obtainable in

type-II compactifications (see dotted contours in Fig. 7). Several portals beyond the kinetic

21

Dark photon models with mass under 1 GeV, and mixing angles ~ 10-3 
represent a “window of opportunity” for the high-intensity experiments, 
and soon the g - 2 ROI will be completely covered.  But what if dark 
photon decays to light dark matter?  
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FIG. 9. Parameter space for dark photons (A�) decaying invisibly to dark-sector states χ for various

mχ. Constraints from the electron (red) and muon (green) anomalous magnetic moment [120] are

independent of the A� decay mode (see also Fig. 6). Constraints from (on-shell) A� decays to any

invisible final state arise from the measured K+ → π+νν̄ branching ratio [120, 223, 263] (brown)

and from a BABAR mono-photon search [264–266] (blue); significant improvements are possible

with DarkLight [267] (dark blue dashed), VEPP-3 [135, 136] (magenta dashed), ORKA [265] (brown

dashed), and BELLE II [265] (light blue solid). If the χ are long-lived/stable and re-scatter in a

downstream detector, constraints arise also from LSND (gray) for m�
A < mπ0 , mχ < m�

A/2 [268].

Additional parameter space can then also be probed at existing/future proton beam-dump facilities

like Project X, LSND etc., (the solid dark green line shows a proposed MiniBooNE beam-off-target-

run [223]), and at electron-beam dumps at JLab (dark red), the ILC (purple), and other facilities

like SLAC, SuperKEKB etc. (not shown) [266]. Supernova constraints are applicable for lower

� [131] (not shown).
43

  Compilation of current constraints on dark 
   photons decaying to light DM 

The sensitivity of electron beam dump experiments to light DM is 
investigated in Izaguirre, Krnjaic, Schuster, Toro 2013.   
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p + p(n) −→ V ∗ −→ χ̄χ

Fixed target probes - Neutrino Beams

30

π0, η −→ V γ −→ χ̄χγ
χ + N → χ + N

proton 
beam

(near) 
detector

χ + e→ χ + e

We can use the neutrino (near) detector as a dark matter 
detector, looking for recoil, but now from a relativistic 
beam. E.g.

MINOS
120 GeV protons

1021 POT
1km to (~27ton) 

segmented detector

MiniBooNE
8.9 GeV protons

1021 POT
540m to (~650ton) 
mineral oil detector

T2K
30 GeV protons

(! ~5x1021 POT)
280m to on- and off-

axis detectors

Proposed in Batell, MP, Ritz, 2009. Strongest constraints on UF 
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Light Mass WIMP Searches with a Neutrino Experiment:
A Request for Further MiniBooNE Running

September 19, 2012

The MiniBooNE Collaboration

R. Dharmapalan, S. Habib, C. Jiang, & I. Stancu
University of Alabama, Tuscaloosa, AL 35487

R. A. Johnson & D.A. Wickremasinghe
University of Cincinnati, Cincinnati, OH 45221

F.G. Garcia , R. Ford, T. Kobilarcik, W. Marsh,
C. D. Moore, D. Perevalov, & C. C. Polly

Fermi National Accelerator Laboratory, Batavia, IL 60510

J. Grange & H. Ray
University of Florida, Gainesville, FL 32611

R. Cooper & R. Tayloe
Indiana University, Bloomington, IN 47405

G. T. Garvey, W. Huelsnitz, W. Ketchum, W. C. Louis, G. B. Mills,
J. Mirabal, Z. Pavlovic, & R. Van de Water,

Los Alamos National Laboratory, Los Alamos, NM 87545

B. P. Roe
University of Michigan, Ann Arbor, MI 48109

A. A. Aguilar-Arevalo
Instituto de Ciencias Nucleares, Universidad Nacional Autónoma de México, D.F. México

P. Nienaber
Saint Mary’s University of Minnesota, Winona, MN 55987

The Theory Collaboration

B. Batell
University of Chicago, IL 60615

P. deNiverville , D. McKeen, M. Pospelov, & A. Ritz
University of Victoria, Victoria, BC, V8N-1M5

1

 

Secured several months 
of running in 2013-2014! 
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Batell, deNiverville, McKeen, MP, Ritz 

MiniBooNE sensitivity – quite a bit of new ground can be 
covered 

MiniBooNE sensitivity (N!"N!)

41

[work in progress]

10, 103, 106 events

#"V$

%"V$
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Other type of dark vector force?  

 

The work on other type of “dark vector forces” is on-going. 

1.  Batell et al. investigate the sensitivity of MiniBooNE to the 
“baryonic” portal, or gauged baryon number – this portal is also 
“flavor-safe”.  

2.  Altmannshofer et al. investigate dark forces coupled to gauged lepton 
numbers (such as Lµ-Lτ ). It turns out that the most sensitive probe of 
such models is the well-forgotten (25 yr old) observation of muon 
pair-production by the muon neutrinos, Z+ν à Z + µ+ µ- +ν, the so-
called muonic trident. 

Mini-conclusions: systematic studies of all possibilities for the intensity 
frontier physics, searching for light weakly coupled states, is gathering 
momentum. There is still plenty of “low hanging fruits”, and in many 
instances sensitivity reach can be advanced by many orders of magnitude 
by a relatively modest theoretical and experimental investment.  



Very [very] dark photons 

The Universe itself is an active detector! Unlike astrophysics which 
presents challenging backgrounds, pre-galactic cosmology is relatively 
simple, and thanks to recent advances, allows for precision tests. 
Take a dark photon with MV ~ MeV, κ~10-18, or αeff = 10-38. Cross 
section for producing such a particle is σ ~ 10-65 cm2 or so.  
Even a “Project XXX” would not help… Yet we have evidence of          
T ~ MeV (through BBN) in the early Universe. 
Fradette, MP, Pradler, Ritz, to appear soon. Some of these constraints 
are pointed out in Postma, Redondo, 2008.  20 

Effect on BBN and CMB 
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CMB 
BBN 

10-35 

0 20 40 60 80 100
�18.0

�17.5
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�15.0
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g 1
0�Κ�
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g 1

0 !
"

Preliminary 

MV 

Too much distortion of  

CMB anisotropy - excluded 

BBN is affected for ! ~ 10-12 

In some fraction of the 
parameter space the only effect 
is the reduction of 7Li/H (which 
you can argue is a good thing).  

Earlier discussions can be found 
in published works of Postma, 
Redondo; Pospelov, Pradler 

 



Produced early – decays late 

21 
25 

Here is why! 
!  The production cross section is ridiculously small, but in the early 

Universe at T > mV , in fact, every colliding pair of particles can 
produce such Vectors, and there is a lot of time available for this. 

!  Once produced such particles live for a very long time, and decay 
in the “quiet” Universe, depositing non-thermal amounts of 
energy and changing physics of primordial matter after 
recombination. 

 
!  Precision determination of optical depth during the CMB, 

position of Doppler peaks and the slope of the Silk diffusion tale 
provide tight restrictions on the amount of energy injected.  

!  Due to BBN we also have a pretty good evidence that the 
Universe in fact once was at least T ~ a few MeV hot….. 
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Filling out details!.  

!  Lifetime against the decay to electron-positron pairs 

!  e+e-"V in the early Universe leads to the energy stored per 
baryon  

    for 

 
!  Once injected back to the medium via V"e+e-  ~ 1/3 of the stored 

energy leads to ionization. E.g. 1 eV p.b. recreates Xe ~ few 10-2. 

 
 

Cosmological Constraints on Very Dark Photons

Anthony Fradette,1 Maxim Pospelov,2 Josef Pradler,3 and Adam Ritz3

1Department of Physics and Astronomy, University of Victoria, Victoria, BC V8P 5C2, Canada
2Perimeter Institute for Theoretical Physics, Waterloo, ON N2J 2W9, Canada

3Department of Physics and Astronomy, Johns Hopkins University, Baltimore, MD 21218, USA
(Dated: October 2012)

We explore the cosmological consequence of 1-100 MeV scale massive dark photons with an

effective electromagnetic coupling as small as 10
−38

. We calculate the freeze-in abundance of these

particles in the early Universe and explore the consequences of late decays during the BBN and

CMB epoques. We derive the limits on the parameter space of the model, and make a forecast for

the sensitivity of the upcoming high-precision CMB experiments.

1. INTRODUCTION

Neutral hidden sectors, weakly coupled to the Stan-
dard Model (SM), are an intriguing possibility for new
physics. They are motivated on various fronts, e.g. in
the form of right-handed neutrinos allowing for neutrino
oscillations, or by the need for non-baryonic dark mat-
ter. While the simplest hidden sectors in each case may
consist of a single state, various extensions have been
explored in recent years, motivated by specific experi-
mental anomalies. In particular, these extensions allow
for models of dark matter with enhanced or suppressed
interaction rates or sub-weak scale masses.

From a general perspective, we would expect leading
couplings to a neutral hidden sector to arise through rel-
evant and marginal interactions. There are only three
such ‘portals’ in the SM: the relevant interaction of the
Higgs with a scalar operator OSH†H; the right-handed
neutrino coupling LHNR; and kinetic mixing of a new
U(1) vector Vµ with hypercharge BµνV µν . Of these, the
latter vector portal is of particular interest as it leads to
bilinear mixing with the photon and thus is experimen-
tally testable, and at the same time allows for a vector
which is naturally light. This portal has been actively
studied in recent years, particularly in the ‘dark force’
regime in which the vector is a loop factor lighter than
the weak scale, mV ∼ MeV–GeV.

The model for this hidden sector is particularly sim-
ple. Besides the usual kinetic and mass terms for V , the
coupling to the SM is given by

LV = −κ

2
FµνV

µν = eκVµJ
µ
em. (1)

Thus, all phenomenological consequences in this model,
including the production and decay of new vectors, is reg-
ulated by just two parameters, κ and mV , which makes
this model a very simple benchmark for all searches of
light and very weakly interacting particles. There are,
however, options with regard to the origin of the mass of
V : a new Higgs mechanism can be responsible for it, or
mV can be a fundamental parameter - so-called ”Stuck-
elberg mass”. In this paper, we will concentrate on this
latter option for simplicity.

The decay channels of V are all very well known: even
in the mass range where hadronic decays, and hence the

non-perturbative QCD, are important, one can use the
direct experimental information on virtual time-like pho-
ton physics to determine ΓV and all branching ratios. In
the wide mass range from ∼ 1 to 220 MeV, the vectors
decay only tio electron-positron pairs and their lifetime
is given by

τV � 3

αeffmV
= 0.6 mln yr× 10MeV

mV
× 10−35

αeff
(2)

where we have introduced the effective electromagnetic
coupling between electrons and dark vectors V , αeff =
ακ2.
The normalization of different quantities in Eq. (2)

identifies our region of interest (ROI) in the {κ,mV } pa-
rameter space for this paper: we will explore the cosmo-
logical consequences of these hidden U(1) vectors with
masses in the MeV-GeV range, and lifetimes long enough
for the decay products to directly influence the physical
processes in the universe at the post-BBN times, and
during the CMB decoupling. Such states have paramet-
rically small coupling to the electromagnetic current, and
extremely small prodcution cross sections in e+e− → V γ,

αeff ∼ 10−38 − 10−24, (3)

σprod ∼ πααeff

E2
c.m.

∼ 10−66 − 10−52 cm2,

where we took Ec.m. ∼ 200 MeV. Such small couplings
render these states completely undetectable in the ter-
restrial particle physics experiments, and because of that
we refer to such vector particles as ‘very dark photons’
(VDP). Due to the relation to lifetime, Eq. (2), the lower
range for αeff is relevant for the CMB physics, and the
upper range is important for the BBN.
The production cross section looks prohibitively small,

but in the early Universe at T ∼ mV every particle in
the primordial plasma has the right energy to emit V .
The cummulative effect of the production in the early
Universe at these temperatures with subsequent decay at
t ∼ τV may release a detectable amount of electromag-
netic energy. Without going through a detailed calcula-
tion, and omitting O(1) factors, one can give a paremet-
ric estimate for the electromagnetic energy release per

2

baryon

Ep.b. ∼
mV ΓprodH

−1
T=mV

nb,T=mV

∼ 0.1αeffMPl

ηb
∼ αeff ×1036 eV,

(4)
where we took the production rate per volume Γprod to
be given by the product of the typical number density
of particles in the primordial plasma and the V decay
rate, τ−1

V nγ,T=mV . The production rate is active within
one Hubble time, H−1

T=mV
, which leads to the appearence

of the Planck mass in (4), along with another very large
factor, the ratio of photon to baryon number densities,
η−1
b = 1.6 × 109. One can see that the combination of
these two factors is capable of overcoming an extreme
smallness of αeff . Given that BBN could be sensitive to
energy release of as little as O(MeV) per baryon, and
the CMB inosotropies allow probing sub-eV scale energy
injection, one arrives to the conclusion that the early Uni-
verse can be an effective probe of VDP! The cosmological
signatures of the decaying VDP were partially explored
in Refs. [2, 3], but the CMB constraints were never de-
rived for this model.

In this paper, we intend to improve the calculations of
the ”freeze-in” abundances in the Early Universe (also us-
ing recent insights on the in-medium production of dark
vectors [4, 5]). We explore the BBN constraints in more
details, including a speculative possibility that currently
observed over-abundance of lithium can be reduced via
the VDP decays. The next section contains the details
of the ‘freeze-in’ calculation. in Section 3 we consider
the impact on BBN, and then in Section 4 consider the
impact of even later decays on the CMB anisotropies. A
summary of the constraints we obtain in shown in Fig. 1,
and more detailed plots of the parameter space are shown
in Sections 3 and 4. We finish with some concluding re-
marks in Section 5.

FIG. 1. [TO BE ADDED] An overview of the constraints

on the plane of vector mass versus mixing, showing the re-

gions excluded by due to their impact on BBN and CMB

anisotropies. These excluded regions are shown in more de-

tail in later sections.

2. FREEZE-IN ABUNDANCE OF VDP

The cosmological abundance of long-lived very dark
photons is determined by the freeze-in mechanism. While
in principle there are several production channels, the
simplest and the most dominant one is the inverse decay
process. When quark (or more generally hadronic) con-
tributions can be neglected, the inverse decay proceeds
via coalessence of e± and µ±, ll̄ → V , shown in Fig. 2.
MP: we need to add one figure with the electron-positron
going into a wavy line, then cross, then dashed line. We

might have it in previous papers. The Boltzmann equa-
tion for the total number density of V takes the form

ṅV + 3HnV =
�

i=l,l̄,V

� �
d3pi

(2π)32Ei

�
NlNl̄ (5)

(2π)4δ(4)(pl + pl̄ − pV )
�

|Mll̄|2,

where the right hand side assumes the rate is sub-
Hubble so that V never achieves an equilibrium density.
The product of Fermi-Dirac (FD) occupation numbers,
Nl(l̄) = [1 + exp(−El(l̄)/T )]

−1, is usually considered in

the Maxwell-Boltzmann (MB) limit, NlNl̄ → e(El+El̄)/T .
Athough parametrically not justified, numerically the
FD→MB substitution is reasonably accurate, because as
it turns out the peak in the production rate per entropy
is at T < mV [2].
The matrix element

�
|Mll̄|2 is summed over both

initial and final spin degrees of freedom. It should in-
clude thermal-bath-modified photon propagator, and the
fermion wave functions. Among these modifications the
most important ones are those that lead to the resonant
production of the dark photon states. The resonant pro-
duction occurs at much earlier times [2], at temperatures
T 2
r ≥ 3m2
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ing calculation are included in Appendix A. The bulk of
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The right hand side of (5), that can be understood as the
number of V particles emitted per unit volume per unit
time, in the MB approximation can be reduced to
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In the approximation when only electrons are allowed to
coalesce and their mass can be neglected, ml � mV <
2mµ, (9) reduces to ElEl̄ ≥ m2

V /4 and the integration
leads to a modified Bessel function,

sẎV = ṅV + 3HnV =
3

2π2
ΓV→ll̄m

2
V TK1(mV /T ) (10)
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where Y = n/s is the number density normalized by the
total entropy density, and ΓV→ll̄ = αeffmV /3 is used for
consistency . The final freeze-in abundance from a given
lepton pair is given by

Y
l
V,f =

� ∞

0
dT

Ẏ
l
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H(T )T
. (11)

The integrals are evaluated numerically using

H(T ) � 1.66
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g∗(T )
T
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Mpl
; s(T ) =

2π2

45
g∗(T )T

3

(12)
where g∗(T ) is the effective number of relativistic degrees
of freedom. It is or is taken from [22].

For the simplest case of the MB distribution, and only
the relativistic electrons and positrons contributing, away
from the particle thresholds that change g∗(T ), the final
integral can be evaluated analytically, and we have

Y
e
V,f =

9

4π

m
3
V ΓV→eē

(Hs)T=mV

= 0.72
m

3
V ΓV→eē

(Hs)T=mV

(13)

This number reduces somewhat if the FD statistics is
used, 0.72MB → 0.54FD, but receives a ∼ 20% upward
correction from the transverse resonance (Appendix A).
Our numerical integration routine includes both the cor-
rect statistics and the addition of resonant production.

While the treatment of the leptonic production of VDP
might be tedious but straightforward, the hadronic pro-
duction in the early universe is not calculable in principle,
as one cannot simply extrapolate measured rates for the
conversion of virtual photons to hadrons above tempera-
tures of the QCD and/or chiral phase transitions. While
generic scaling captured by Eq. 13 holds, one need to
make additional assumptions on how to treat the pri-
mordial gas of hadrons. It seems reasonable that at high
temperatures, when all light quarks are deconfined the
individual quark contribution Y

q
V,f can be added by im-

posing a lower cutoff at the confinement scale Tc in the
integral (11) and multiplying the matrix element (6) by
the square of the quark electric charge Q2

q. Below Tc one
is permitted to use free pion gas as an approximation to
the hadronic state, and the inverse pion decay π+π− → V

is included using the same equations by adding the upper
bound Tc on the integral (11).

The VDPs are produced as semi-relativistic, and the
subsequent expansion of the Universe quickly cools them
so that at the time of their decay EV = mV . The decay
deposits this energy into e

±, µ± and π± pairs, and more
complicated hadronic final states at mV above the ρ-
resonance. Thus, the energy stored per baryon (before
the characteristic decay time) is given by

Ep.b. = mV YV,f
s0

nb,0
, (14)

where nb,0/s0 = 0.9×10−10 is the entropy-to-baryon ratio
today. Ep.b. is shown in two separate pannels in figure 2.

Top panel (MP: Anthony, please, add this one!) shows
it as function of mV at fixed αeff , and the lower pannel
fixes the VDP lifetime to τV = 1014s. We demonstrate
the contributions from the different production channels.
To explore the variation of the hadronic production on
our assumptions we use a wide range of the phase tran-
sition temperatures, from Tc = 150 MeV to Tc = ∞ re-
spectively for the quarks and pions contributions. Using
the calculated VDP energy reservoir we are now ready to
explore its consequences for the BBN and the CMB.
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FIG. 2. Total energy stored per baryons along the leptonic
and maximal hadronic contributions for Γ−1

V = 1014s. The
quark and pion curves are for Tc = 150 MeV and Tc = ∞
respectively.

3. IMPACT ON BBN

MP: In addition with what Josef ’s doing in this sec-
tion, we got to investigate the following: the impact of
a massive particle with mass in excess of a di-nucleon
threshold and lifetime of 103 seconds. It can be impor-
tant for Li7 abundance, as we know. At the end of this
section, I am including some observations/estimates for
discussion purposes, to be removed/modified later.
MeV-scale vector masses with kinetic mixing

paramters κ � 10−10 make for a prototype model
of electromagnetic energy injection during primoridal
nucleosynthesis (BBN) because the only kinematically
accessible decay mode is V → e

+
e
−. After the decay, the

electron-positron pair is instantly thermalized via rapid
inverse Compton scattering on background photons,
injecting a total of Einj = mV − 2me of kinetic energy.
The resulting electromagnetic cascade which forms in
subsequent interactions of photons and electrons gives
rise to a non-equilibrium destruction (and creation) of
light elements.
The most important feature of the injected photon

energy spectrum fγ(Eγ) is a sharp cut-off for energies
above the e± pair-creation threshold on ambient photons,
Epair � m

2
e/22T . High-energy photons are efficiently

dissipated before they can interact with nuclei, so that
to good approximation fγ(Eγ) = 0 for Eγ > Epair. In

3

where Y = n/s is the number density normalized by the
total entropy density, and ΓV→ll̄ = αeffmV /3 is used for
consistency . The final freeze-in abundance from a given
lepton pair is given by

Y
l
V,f =

� ∞

0
dT

Ẏ
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(Hs)T=mV

(13)

This number reduces somewhat if the FD statistics is
used, 0.72MB → 0.54FD, but receives a ∼ 20% upward
correction from the transverse resonance (Appendix A).
Our numerical integration routine includes both the cor-
rect statistics and the addition of resonant production.

While the treatment of the leptonic production of VDP
might be tedious but straightforward, the hadronic pro-
duction in the early universe is not calculable in principle,
as one cannot simply extrapolate measured rates for the
conversion of virtual photons to hadrons above tempera-
tures of the QCD and/or chiral phase transitions. While
generic scaling captured by Eq. 13 holds, one need to
make additional assumptions on how to treat the pri-
mordial gas of hadrons. It seems reasonable that at high
temperatures, when all light quarks are deconfined the
individual quark contribution Y

q
V,f can be added by im-

posing a lower cutoff at the confinement scale Tc in the
integral (11) and multiplying the matrix element (6) by
the square of the quark electric charge Q2

q. Below Tc one
is permitted to use free pion gas as an approximation to
the hadronic state, and the inverse pion decay π+π− → V

is included using the same equations by adding the upper
bound Tc on the integral (11).

The VDPs are produced as semi-relativistic, and the
subsequent expansion of the Universe quickly cools them
so that at the time of their decay EV = mV . The decay
deposits this energy into e

±, µ± and π± pairs, and more
complicated hadronic final states at mV above the ρ-
resonance. Thus, the energy stored per baryon (before
the characteristic decay time) is given by

Ep.b. = mV YV,f
s0

nb,0
, (14)

where nb,0/s0 = 0.9×10−10 is the entropy-to-baryon ratio
today. Ep.b. is shown in two separate pannels in figure 2.

Top panel (MP: Anthony, please, add this one!) shows
it as function of mV at fixed αeff , and the lower pannel
fixes the VDP lifetime to τV = 1014s. We demonstrate
the contributions from the different production channels.
To explore the variation of the hadronic production on
our assumptions we use a wide range of the phase tran-
sition temperatures, from Tc = 150 MeV to Tc = ∞ re-
spectively for the quarks and pions contributions. Using
the calculated VDP energy reservoir we are now ready to
explore its consequences for the BBN and the CMB.

 0.001

 0.01

 0.1

 1

 10

 50  100  150  200  250  300  350  400  450  500

E
p
.b

. (
e

V
)

mV (MeV)

total
e+e-

µ
+
µ

-

u+u-

!
+
!

-

FIG. 2. Total energy stored per baryons along the leptonic
and maximal hadronic contributions for Γ−1

V = 1014s. The
quark and pion curves are for Tc = 150 MeV and Tc = ∞
respectively.

3. IMPACT ON BBN

MP: In addition with what Josef ’s doing in this sec-
tion, we got to investigate the following: the impact of
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threshold and lifetime of 103 seconds. It can be impor-
tant for Li7 abundance, as we know. At the end of this
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of electromagnetic energy injection during primoridal
nucleosynthesis (BBN) because the only kinematically
accessible decay mode is V → e

+
e
−. After the decay, the

electron-positron pair is instantly thermalized via rapid
inverse Compton scattering on background photons,
injecting a total of Einj = mV − 2me of kinetic energy.
The resulting electromagnetic cascade which forms in
subsequent interactions of photons and electrons gives
rise to a non-equilibrium destruction (and creation) of
light elements.
The most important feature of the injected photon

energy spectrum fγ(Eγ) is a sharp cut-off for energies
above the e± pair-creation threshold on ambient photons,
Epair � m

2
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Constraints from WMAP 
 
 
 

5

for the elapsed time
�
t(z) ∼ (1 + z)−3/2

�
in the exponen-

tial of 19 and assumed that decay lifetimes shorter than
1013 seconds happen before recombination and do not
impact the CMB. In our calculations, we used the exact
time from ΛCDM cosmology and get a more accurate
picture for shorter lifetimes.
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FIG. 4. CMB constraints on energy injection parameters ζ
and Γ. The WMAP 3 curve also includes large scale structure
and together with the Planck forecast are reproduced from
Ref. [9].

The energy output ζ can be related to the VDP pa-
rameters

ζ =
f

3

ΩV

Ωb
=

f

3

Ep.b.

mp
. (20)

The pre-factor f determines the overall efficiency with
which the deposited energy goes into heating and ion-
ization. The thermalization of energetic particle de-
pends on the species, initial energy and redshift [10, 19].
Ref [20] provides transfer functions T (zinj , zdep, E) giv-
ing the fractional amount of energy deposited at zdep for
an energy injection E at zinj for both γ and e

+
e
− final

states. With this information, we can numerically solve
for the deposition efficiency of the injected energy from
decaying particles with [20]

f(z) =
dE
dz

��
dep

(z)
dE
dz

��
inj

(z)
(21)

= H(z)

�

species

� ∞

z

d ln(1 + zin)

H(zin)

�
T (zin, z, E)E

dÑ

dE
dE

�

species

�
E
dÑ

dE
dE

,

(22)

where dÑ
dE is the normalized energy distribution of the

e
+
e
− or γ in the decaying particle rest frame. This

strategy has been used by Ref [10, 21] to analyze dark
matter annihilation and decay to standard model par-
ticles for mχ > 1 GeV. An effective deposition effi-
ciency feff is found by averaging f(z) over the range

800 < z < 1000. We compute feff for VDP in the
mass range 1-500 MeV where the decay channels are
V → {e+e−, µ+

µ
−
,π+π−} [7]. We show feff(mV ) along

with each decay channel contributions and their branch-
ing ratios in figure 5 for Γ−1

V = 1014s. The small efficiency
of µ± and π± is due to the neutrinos radiating away a
large fraction of the energy. For e± with E � 100 MeV,
the longer cooling time lowers the efficiency [20], which

is clearly seen in the f
e±

eff curve.
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FIG. 5. Effective deposition efficiency of each decay channel
with the sum weighted by their branching ratios for Γ−1

V =
1014s.

Using the result (14) with feff in (20), we find that our
CMB constraints on Γ− ζ lead to the excluded region of
parameter space shown in Fig. 6. This is rather remark-
able sensitivity to an effective electromagnetic coupling
αeff ∼ 10−37 − 10−38.
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FIG. 6. CMB constraints on VDP. The shaded region cor-
responds to leptonic production only and the line includes
maximal hadronic production.
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dÑ

dE
dE

�

species

�
E
dÑ
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dE is the normalized energy distribution of the

e
+
e
− or γ in the decaying particle rest frame. This

strategy has been used by Ref [10, 21] to analyze dark
matter annihilation and decay to standard model par-
ticles for mχ > 1 GeV. An effective deposition effi-
ciency feff is found by averaging f(z) over the range

800 < z < 1000. We compute feff for VDP in the
mass range 1-500 MeV where the decay channels are
V → {e+e−, µ+

µ
−
,π+π−} [7]. We show feff(mV ) along

with each decay channel contributions and their branch-
ing ratios in figure 5 for Γ−1

V = 1014s. The small efficiency
of µ± and π± is due to the neutrinos radiating away a
large fraction of the energy. For e± with E � 100 MeV,
the longer cooling time lowers the efficiency [20], which

is clearly seen in the f
e±

eff curve.

 0

 0.2

 0.4

 0.6

 0.8

 1

f e
ff

e+e-

µ
+
µ

-

!
+
!

-

total

0
0.25
0.5

0.75
1

50 100 150 200 250 300 350 400 450 500

B
r

mV (MeV)

FIG. 5. Effective deposition efficiency of each decay channel
with the sum weighted by their branching ratios for Γ−1

V =
1014s.

Using the result (14) with feff in (20), we find that our
CMB constraints on Γ− ζ lead to the excluded region of
parameter space shown in Fig. 6. This is rather remark-
able sensitivity to an effective electromagnetic coupling
αeff ∼ 10−37 − 10−38.

!

mV (MeV)

10-17

10-16

10-15

 0  50  100  150  200  250  300

FIG. 6. CMB constraints on VDP. The shaded region cor-
responds to leptonic production only and the line includes
maximal hadronic production.

!

mV (MeV)

10-17

10-16

10-15

 0  50  100  150  200  250

Too much distortion  

of the CMB, excluded! 

Fradette et al, 2014 

to appear 
– 16 –

Fig. 1.— Top panel: The free electron fraction as a function of redshift. The Universe rapidly

approaches neutrality after z ! 1000. Bottom panel: The average baryon temperature as a function

of redshift. For z > 200, the free electron fraction is still large enough so that the baryons are

coupled to the background radiation, and so the baryonic temperature decreases like (1 + z). For

smaller redshifts, the baryon temperature is mainly determined by the adiabatic expansion, and

drops o! like (1 + z)2.
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<BB> = T or “T-like” modes ? 

 

1.  Every big discovery follows by the period of trying to understand the 
result. E.g. excess of events around 125 GeV à Evidence of a new 
resonance à Higgs-like properties of the resonance à       dropping 
“-like” after lots of tests. In the process you rule out competitors such 
as KK-graviton, techni-pion, etc [no matter how creepy they are]. 
Same process should occur with the discovery of B-modes, but is not 
happening yet to the fullest.  

2.  The minimal interpretation of B-modes are tensor perturbations, the 
remnants of inflation that occurred with Hinfl=1014 GeV. Well, it 
poses a lot of questions to anyone who tries to play with some 
physics that has fundamental scale below1014 GeV.  

3.  One can provide new mechanisms of B-mode generation with a low 
inflationary scale, e.g. Hinfl ~ 1010 GeV  (MP, Ritz, Skordis, 2008). 
View it as a competitive explanation of Bicep observations, and try to 
rule it out from data! 
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Two-axion model 

§  Two-axion model is like that. One axion becomes a QCD axion, 
and the other one remains massless, 

§  Coupling constant is given by  
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Fluctuating pseudoscalar driven by inflation 

 

The model:  

 

[Can be viewed as a generic consequence of two QCD axions. 

Massless field a receives [random, Gaussian, nearly flat-spectrum] 
fluctuations during inflation, δa~ Hinfl/(2π). 

 

Rotation of polarization plane after travelling from point 1 to point 2 is 

(Harrari, Sikivie; Carroll; Lue, Wang, Kamionkowski…)  

 

The measure of the r.m.s. angular rotation is  δa~ Hinfl/(2π fa) Log z 

1
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(p2µ)

2

Λ2

=
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p2µ

− 1

p2µ − Λ2
(16)
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ω2 − �p2 − �p6

Λ4
HL

(17)

Leverything = LSM+gravity + Linflation +
1

2
(∂µa)

2
+

a

2fa
FµνF̃µν (18)

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 effective Lagrangian that encode possible departures from

Lorentz symmetry [1, 2]. Existing models of Lorentz symmetry breaking did not go far be-

yond the effective 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

ΛLV 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

this leakage into lower dimensions to happen, but in a controllable way: e.g. the coefficients

of dimension 4 operators are induced by the dimension 6 operators:

c
(4)
LV ∼ m

2
softc

(6)
LV ∼ m2

soft

Λ2
LV

. (19)

If there is a wide enough scale separation between the SUSY breaking mass and the high-

energy scale where LV originates, msoft � ΛLV, the existence of Lorentz breaking can be

made consistent with the variety of experimental constraints. Dimension 4 coefficients c
(4)
LV

induce a difference between propagation speed for different particles, limited by the most

stringent constraints to be at the level of 10−23 (see e.g. [11]), which is perfectly safe, for

example, if msoft is at the weak scale and ΛLV is close to Planck scale.
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ψ =
a1 − a2

fa
(19)

�EE� → �BB�; �TB� = �EB� = 0 (20)

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 effective Lagrangian that encode possible departures from

Lorentz symmetry [1, 2]. Existing models of Lorentz symmetry breaking did not go far be-

yond the effective 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

ΛLV 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

this leakage into lower dimensions to happen, but in a controllable way: e.g. the coefficients

of dimension 4 operators are induced by the dimension 6 operators:
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If there is a wide enough scale separation between the SUSY breaking mass and the high-

energy scale where LV originates, msoft � ΛLV, the existence of Lorentz breaking can be

3
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Propagation of CMB from the LSS 

 
  
  

      Surface of Last Scattering ! !
! ! ! !   with chaotic pseudoscalar profile t=tLSS, aLSS is !
! ! ! ! ! !given by inflation. !

!
!
!
!
!
!

! ! ! ! ! !t=ttoday, atoday=0 . !
! ! ! ! ! !!

Polarization of arriving to us CMB photons is randomly rotated by !"(n) = ALSS(n)=aLSS(n) /fa.!
For convenience, we introduce ca!
!
!
!
!

Since f_a > 1011 GeV is a mild constraint, H ~ 10^10 GeV or below can generate BB!
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Master formula for <BB> calculation 
MP, Ritz, Skordis, 2008!

 
 
 



2008 limits 

29 34 

Numerical Results and comparison with experiment  

Green: EE; Red: BB with ca =0.004; Dark blue: BB from gravity waves with r=0.14; 
light blue: BB lensing background . CAN WE MATCH IT ONTO BICEP???!

Points: upper 
limits from 
WMAP5 and 
QUaD 
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The moment of truth 
!

 
 
 

Inflationary pseudoscalar fluctuations do not give a good fit to Bicep 
data( too low l<100) !!!   So, it more “T-like” and not at all “a-like”.  

DETECTION OF B-MODES BY BICEP2 17

FIG. 13.— Indirect constraints on r from CMB temperature spectrum mea-
surements relax in the context of various model extensions. Shown here is
one example, following Planck Collaboration XVI (2013) Figure 23, where
tensors and running of the scalar spectral index are added to the base ΛCDM
model. The contours show the resulting 68% and 95% confidence regions
for r and the scalar spectral index ns when also allowing running. The red
contours are for the “Planck+WP+highL” data combination, which for this
model extension gives a 95% bound r < 0.26 (Planck Collaboration XVI
2013). The blue contours add the BICEP2 constraint on r shown in the center
panel of Figure 10. See the text for further details.

scales having noise level of 87 nK-degrees in Q and U over
an effective area of 380 square degrees.

To fully exploit this unprecedented sensitivity we have ex-
panded our analysis pipeline in several ways. We have added
an additional filtering of the timestream using a template tem-
perature map (from Planck) to render the results insensitive to
temperature to polarization leakage caused by leading order
beam systematics. In addition we have implemented a map
purification step that eliminates ambiguous modes prior to B-
mode estimation. These deprojection and purification steps
are both straightforward extensions of the kinds of linear fil-
tering operations that are now common in CMB data analysis.

The power spectrum results are perfectly consistent with
lensed-ΛCDM with one striking exception: the detection of a
large excess in the BB spectrum in exactly the � range where
an inflationary gravitational wave signal is expected to peak.
This excess represents a 5.2σ excursion from the base lensed-
ΛCDM model. We have conducted a wide selection of jack-
knife tests which indicate that the B-mode signal is common
on the sky in all data subsets. These tests offer very strong
empirical evidence against a systematic origin for the signal.

In addition we have conducted extensive simulations using
high fidelity per channel beam maps. These confirm our un-
derstanding of the beam effects, and that after deprojection
of the two leading order modes, the residual is far below the
level of the signal which we observe.

Having demonstrated that the signal is real and “on the
sky” we proceeded to investigate if it may be due to fore-
ground contamination. Polarized synchrotron emission from
our galaxy is easily ruled out using low frequency polarized
maps from WMAP. For polarized dust emission public maps
are not yet available. We therefore investigate a range of mod-
els including new ones which use all of the information which
is currently available from Planck. These models all predict
auto spectrum power well below our observed level. In addi-
tion none of them show any significant cross correlation with
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FIG. 14.— BICEP2 BB auto spectra and 95% upper limits from several
previous experiments (Leitch et al. 2005; Montroy et al. 2006; Sievers et al.
2007; Bischoff et al. 2008; Brown et al. 2009; QUIET Collaboration et al.
2011, 2012; Bennett et al. 2013; Barkats et al. 2014). The curves show the
theory expectations for r = 0.2 and lensed-ΛCDM.

our maps.
Taking cross spectra against 100 GHz maps from BICEP1

we find significant correlation and set a constraint on the spec-
tral index of the signal consistent with CMB, and disfavoring
synchrotron and dust by 2.3σ and 2.2σ respectively. The fact
that the BICEP1 and Keck Array maps cross correlate is pow-
erful further evidence against systematics.

The simplest and most economical remaining interpretation
of the B-mode signal which we have detected is that it is due
to tensor modes — the IGW template is an excellent fit to
the observed excess. We therefore proceed to set a constraint
on the tensor-to-scalar ratio and find r = 0.20+0.07

−0.05 with r = 0
ruled out at a significance of 7.0σ. Multiple lines of evidence
have been presented that foregrounds are a subdominant con-
tribution: i) direct projection of the best available foreground
models, ii) lack of strong cross correlation of those models
against the observed sky pattern (Figure 6), iii) the frequency
spectral index of the signal as constrained using BICEP1 data
at 100 GHz (Figure 8), and iv) the spatial and power spectral
form of the signal (Figures 3 and 10).

Subtracting the various dust models and re-deriving the r
constraint still results in high significance of detection. For
the model which is perhaps the most likely to be close to re-
ality (DDM2 cross) the maximum likelihood value shifts to
r = 0.16+0.06

−0.05 with r = 0 disfavored at 5.9σ. These high val-
ues of r are in apparent tension with previous indirect limits
based on temperature measurements and we have discussed
some possible resolutions including modifications of the ini-
tial scalar perturbation spectrum such as running. However
we emphasize that we do not claim to know what the resolu-
tion is.

Figure 14 shows the BICEP2 results compared to previous
upper limits. The long search for tensor B-modes is appar-
ently over, and a new era of B-mode cosmology has begun.

BICEP2 was supported by the US National Science
Foundation under grants ANT-0742818 and ANT-1044978
(Caltech/Harvard) and ANT-0742592 and ANT-1110087
(Chicago/Minnesota). The development of antenna-coupled
detector technology was supported by the JPL Research and
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FIG. 1: We display the Cl’s for the E-mode (green – dot-dash)
and induced B-mode polarization (red – solid). The fiducial
value ca = 4.2! 10!3 was chosen to match the current upper
bound on the B-mode using data from QUaD. 95% upper
limits from QUaD (stars) and 2! upper limits from WMAP5
(polygons) are shown for comparison. We also exhibit the
CBl’s induced by lensing of the E-mode (cyan – long-dash),
and the contribution from primordial gravitational waves with
r = 0.14 (blue – dash), corresponding to the choice H14 = 1.

to |l1 ! l2| " l " l1 + l2, which is enforced by the
Wigner 3j-symbol. It is important to note that the cross-
correlations TB and EB vanish on account of the overall
conservation of parity.

At this point we assume a spectrum of scalar fluctua-
tions with scalar spectral index n = 0.963 chosen accord-
ing to the best fit model for the WMAP5 CMB data, and
take the pseudoscalar spectral index na to have the same
value. We used our own code based on CMBfast [11] to
numerically calculate the functions !(k, !) and "A(!, q)
for the WMAP5 best fit model, and then to compute CBl

using Eqs. (9)–(11). Fig. 1 displays the results for CBl

for a fiducial choice of ca = 4.2 # 10!3. For comparison,
the plot also shows CEl as well as the B-modes gener-
ated by primordial tensor perturbations with r = 0.14
and by lensing of the E-mode. The qualitative form of
CBl induced by pseudoscalar perturbations can be un-
derstood by looking at the dominant regions in the l1
and l2 sums. For large l, we find that l1 $ l, while the
sum over l2 is e#ectively truncated at a lower value of
order lmax

2 $ (!0 ! !LSS)/!LSS $ 50 (higher values of l2
contribute no more than about 2% to the CBl’s on small
scales). Thus for large l $ 1000 the induced B-mode
closely tracks the underlying E-mode. For lower values

of l $ O(1), both l1 and l2 saturate at higher scales so
the B-mode is somewhat larger. Finally, the overall scale
of the oscillations in CBl is slightly suppressed as is to be
expected from convoluting the underlying E-mode source
with a gaussian random variable.

It is important to keep in mind that our approximation,
which assumes a small rotation angle, may break down
once CBl becomes comparable to CEl. Consequently, for
setting constraints on CBl we choose l in the interval
100–1000, where the most recent experimental results of
QUaD [12] probe the B-modes well below the detected
E-mode level, CBl $ O(0.1) # CEl. The QUaD limits,
shown in Fig. 1, impose a stringent constraint on ca:

ca < 4.2 # 10!3 =% fa > 2.4 # 1014 GeV # H14,
(12)

where we have introduced H14 & H/1014 GeV, a normal-
ization inspired by the fact that H14 $ O(1) is close to
the maximal inflationary value of H allowed by observa-
tions. The inflationary Hubble scale can be traded for the
tensor-to-scalar ratio r, commonly used to parametrize
the strength of all massless perturbations including grav-
itational waves, r = 0.14 # H2

14. Note that from Eq. (3),
the conclusion that ca ' 1 justifies a posteriori our per-
turbative treatment of the rotation of polarization. The
constraint (12) is the main result of this Letter, and in
what follows we discuss its implications.

Implications for particle physics: Given the conven-
tional picture of inflationary cosmology, the constraint
obtained above applies to massless pseudoscalars (or al-
most massless with a mass below the Hubble scale at
decoupling) and it is important to consider how such
new low-energy degrees of freedom may naturally arise.
Recall that massless pseudoscalar fields coupled to the
operator Gµ!G̃µ! in QCD, namely axions, resolve the
strong CP problem in a natural way [13] while gaining
an anomaly-induced mass ma $ m"f"/fa. While this
mass is large compared to the scales relevant here, this
mechanism for inducing a mass is unique, and thus should
two or more pseudoscalars couple to the QCD anomaly,
only one linear combination would become massive [14].
Schematically, below the QCD scale, such models lead to
an e#ective Lagrangian of the form,

!

a1

2g1
+

a2

2g2

"

Gµ!G̃µ! +

!

a1

2f1
+

a2

2f2

"

Fµ! F̃µ!

( LQCDa +
a

2fa
Fµ! F̃µ! , (13)

where besides the Lagrangian LQCDa for the QCD-axion,
one has a massless pseudoscalar a as part of L#a in (1)

with f!1
a = (g2/f2 ! g1/f1)/

#

g2
1 + g2

2 . In the absence of
any special reasons for cancellation, the generic case is
f!1

a )= 0. Although we refrain from assessing the likeli-
hood of new high-energy physics leading to two or more
light pseudoscalar fields, we can refer to various scenar-
ios in string theory where multiple pseudoscalar moduli

Tuesday, March 25, 2014
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Conclusion 

 

1.  Intensity frontier – “orthogonal” to energy frontier direction – can 
and should look for light weakly coupled states. 

2.  Search for “dark photons” – the simplest model of an additional U(1) 
has been intensified over the years, fueled by its possible connection 
to several “anomalies” in particle physics and cosmology. New 
results brought new constraints, but no independent hints on a signal. 
“g-2” region is [almost] covered.  

3.  “Very dark photons” with mixing angles ~ 10-17 is an example of 
unique sensitivity the precision CMB brings to our field.   

4.  Recent discovery of the B-modes – if confirmed as coming from the 
tensor perturbations generated during inflation with Hinfl ~ 1014 GeV  
– will limit any massless pseudoscalar field to photons as faγγ > 1015 
GeV (compare with direct CAST bound of 1011 GeV). It is also 
important to rule chaotic rotation of E to B as the sole source of Cl

BB.  



Astrophysical motivations: 511 keV line 	
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FIG. 7 Map of Galactic 26Al !-ray emission after 9-year
observations with COMPTEL/CGRO (from Plüschke et al.,
2001).

to Galactic 26Al, as suggested at a time when the mor-
phology of 26Al emission was unknown (Prantzos, 1991
and Sec. IV.A.2). It is consistent with the (statistically
significant) similarity to the Galactic free-free emission
map, which reflects electron radiation from HII regions
ionized from the same massive stars that eventually re-
lease 26Al(Knödlseder, 1999).

The total flux of 26Al !-rays depends slightly on the
measuring instrument. In terms of statistical precision,
the SMM result of 4.0±0.4 10!4 ph cm!2s!1rad!1 has
been considered the canonical value. Imaging instru-
ments, however, have consistently reported lower flux
values of 2.6±0.8 10!4 ph cm!2s!1rad!1 (COMPTEL)
and 3.1±0.4 10!4 ph cm!2s!1rad!1 (SPI), respectively.
The latest SPI value is compatible with the full range
of measured values by other instruments (within statis-
tical uncertainties), and we adopt it here. The detected
flux translates into a decay rate of 26Al which depends
slightly on the adopted 3D distribution of 26Al in the
Galaxy (Diehl et al., 2006). The most recent analysis of
SPI data results in a rate of Ṅ26= 4.3 1042 s!1 or 2.7
M"/Myr (Wang et al., 2009). Assuming a steady state,
i.e. equality between production and decay rates, this is
also the present production rate of 26Al in the Galaxy;
recent models of massive star nucleosynthesis can read-
ily explain such a production rate (Diehl et al., 2006 and
Sec. IV.A.2).

Being predominantly a "+-emitter (with a branching
ratio of fe+,26=82%, see Table VII) 26Al is itself a source
of positrons. The corresponding Galactic e+ production
rate is Ṅe+,26= fe+,26Ṅ26 ! 3.5 1042 s!1 . This consti-
tutes a significant contribution to the total Galactic e+

production rate (Sec. II.A.3 and Table I): 17% of the
total e+ annihilation rate and almost half of the (thick)
disk in the double bulge+thick disk model, or 10% of
the total and 70% of the thin disk in the Halo+thin disk
model. We shall see in Sec. IV that positrons from other
"+-decaying nuclei can readily explain the remaining disk
emissivity, while the bulge emissivity remains hard to ex-
plain.

D. Summary of observational constraints

The results of the analysis of Galactic !-ray emissions
in the MeV range can be summarized as follows:
1) Intensity: The total rate of positron annihilation

observed in !-rays is at least Le+=2 1043 s!1, depending
on the adopted source configuration. Most of it comes
from the bulge (unless there is important emission from
an extended, low surface brightness, disk).
2)Morphology: The bulge/disk ratio of e+ annihilation

rates is B/D !1.4; however, substantially di!erent ratios
cannot be excluded if there is important emission of low
surface brightness (currently undetectable by SPI) either
from the disk or the spheroid. About half of the disk
emission can be explained by the observed radioactivity
of 26Al (provided its positrons annihilate in the disk).
There are hints for an asymmetric disk emission with
flux ratio F (l <0o)/F (l >0o)!1.8, which has yet to be
confirmed.
3) Spectroscopy: The ratio of the 511 keV line to the

E<511 keV continuum suggests a positronium fraction
of 97±2 % and constrain the physical conditions in the
annihilation region. The observed continuum at !MeV
energies can be mostly explained with standard inverse
Compton emission from cosmic ray electrons. A con-
tribution from unresolved compact sources is possible,
while a (small) contribution from high-energy (>MeV)
positrons annihilating in flight cannot be excluded.
These are the key observational constraints that should

be satisfied by the source(s) and annihilation site(s) of
Galactic positrons. We shall reassess them in the light of
theoretical analysis in the end of Sec. IV and V.

III. THE GALAXY

The expected spatial distribution and intensity of the
positron annihilation emission obviously depends on the
corresponding distribution of the potential e+ sources, as
well as on the properties of the ISM in which positrons
first slow down and then annihilate. One may distin-
guish two types of e+ sources, depending on whether
their lifetimes (#S) are shorter or longer than the lifetime
of positrons in the ISM (#e+). Calculation of the total e+

production rate requires in the former case (#S < #e+) an
estimate of (i) the Galactic birthrate RS of the sources
and (ii) the individual e+ yields ne+ (i.e. the average
amount of positrons released by each source). In the lat-
ter case (#S > #e+), the total number of such sources
in the Galaxy NS is required, as well as the individual
e+ production rate ṅe+ of each source. In the former
class belong supernovae or novae and the corresponding
positron production rate is Ṅe+ = RSne+ ; in the lat-
ter class belong e.g. low mass XRBs or millisecond pul-
sars, and the corresponding positron production rate is
Ṅe+ = NSṅe+ .
The galactic distribution of any kind of stellar source of

positrons is somewhat related to the distribution of stars
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FIG. 4 511 keV line map derived from 5 years of INTE-
GRAL/SPI data (from Weidenspointner et al., 2008a).

based on approximately one year of SPI data (Fig. 3).
The two maps are compatible with each other (within
their uncertainties), suggesting that the positronium
fraction does not vary over the sky. The images illustrate
the remarkable predominance of the spheroidal compo-
nent. In contrast to OSSE data, which suggested a rela-
tively strong disk component, the Galactic disk seemed to
be completely absent in the first year SPI images. Model
fitting indicated only a marginal signal from the Galac-
tic disk, corresponding to a bulge-to-disk flux ratio > 1
(Knödlseder et al., 2005). This strong predominance of
the Galactic bulge, unseen in any other wavelength, stim-
ulated ”unconventional” models involving dark matter
(Sec. IV.C). However, Prantzos (2006) pointed out that
the data could not exclude the presence of disk emission
of a larger latitudinal extent (resulting from positrons
propagating far away from their sources), which could be
rather luminous and still undetectable by SPI, because
of its low surface brightness.
After accumulating 5 years of INTEGRAL/SPI data

the 511 keV line emission all-sky image revealed also
fainter emission extending along the Galactic plane
(Fig. 4). With a much improved exposure with respect
to the first year (in particular along the Galactic plane),
511 keV emission from the Galactic disk is now clearly
detected (Weidenspointner et al., 2008a). However, the
detailed quantitative characterization of components of
511 keV emission requires parameterizing these in the
form of (necessarily idealized) spatial emission models
fitted to the data. No unique description emerges at
present, since both the spheroid and the disk may have
faint extensions contributing substantially to their total
!-ray emissivities. It turns out that the bulge emission
is best described by combining a narrow and a broad
Gaussian, with widths (FWHM, projected onto the sky)
of 3o and 11o, respectively. Another, more extended com-
ponent is needed to fit the data, a rather thick disk of
vertical extent 7o (FWHM projected on the sky). The
model implies a total e+ annihilation rate of 2 1043 e+

s!1 and a spheroid/disk ratio of 1.4 (Table I). It should
be noted, however, that alternative models, involving ex-
tended components of low surface brightness (thus far
undetected by SPI) are also possible. One such alterna-

TABLE I Two model fits of the Galactic 511 keV emission
(from Weidenspointner et al., 2008b): fluxes, photon emissiv-
ities and e+ annihilation rates (computed for a positronium
fraction of fps=0.967, see Sec. II.B.4). Notice that ”thin”
and ”thick” disks have not the same meaning as in Sec. III.

F511 L511 Ṅe+

(10!4 cm!2 s!1) (1042 s!1) (1042 s!1 )

Bulge + thick disk

Narrow bulge 2.7+0.9
!0.4 2.3+0.8

!0.7 4.1+1.5
!1.2

Broad bulge 4.8+0.7
!0.4 4.1+0.6

!0.4 7.4+1.0
!0.8

Thick disk 9.4+1.8
!1.4 4.5+0.8

!0.7 8.1+1.5
!1.4

Total 17.1 10.9 19.6
Bulge/Disk 0.8 1.4 1.4

Halo + thin disk

Halo 21.4+1.1
!1.2 17.4+0.9

!1.1 31.3+2.2
!2.6

Disk 7.3+2.6
!1.9 2.9+0.6

!0.6 5.2+1.1
!1.1

Total 28.7 20.3 36.5
Halo/Disk 2.9 6 6

tive (Weidenspointner et al., 2008b) involves a centrally
condensed but very extended halo and a thinner disk
(projected vertical extent of 4o), with a spheroid/disk
ratio of 6 (Table I).
With more SPI data, it was possible to proceed to

more detailed constraints on the morphology of the disk
emission. The flux in the disk component remains con-
centrated to longitudes |l| < 50"; no significant 511 keV
line emission has been detected from beyond this interval
so far. The accumulated SPI data yield a flux from nega-
tive longitudes of the Galactic disk that is twice as large
as the flux from an equivalent region at positive longi-
tudes. The significance of this asymmetry is still rather
low, about ! 4". Indications for such an asymmetry
were already noticed in the OSSE data (M. Leising, pri-
vate communication). It should be noted, however, that
a di!erent analysis of the same SPI data finds no evi-
dence for a disk asymmetry (Bouchet et al., 2008, 2010),
although it cannot exclude it, either. Clearly, clarifying
the asymmetric or symmetric nature of the disk profile
should be a major aim of the 511 keV studies in the years
to come4.

4. Spectroscopy with INTEGRAL/SPI

Before INTEGRAL, the spectral shape of the positron
annihilation emission was only poorly constrained by ob-
servations. All high-resolution observations suggested a
modest line broadening of FWHM! 2 keV (Harris et al.,
1998; Leventhal et al., 1993; Mahoney et al., 1994;
Smith et al., 1993). The excellent spectral resolution of

4 INTEGRAL will continue operations until 2012, at least.

There is a lot more positrons coming from the Galactic Center and the 
bulge that expected. The emission seems to be diffuse.  

1.  Positrons transported into GC by B-fields?  

2.  Positrons are created by episodic violent events near central BH? 

3.  Positrons being produced by DM? Either annihilation or decay? 
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PAMELA positron fraction  
 

No surprises with antiprotons, but there is seemingly a need for a 
new source of positrons!  

This is a  “boost” factor of 100-1000 “needed” for  the WIMP 
interpretation of  PAMELA signal. E.g. SUSY neutralinos would not 
work, because <σv > is too small. Enhancing it “by hand” does not 
work because WIMP abundance goes down. Dark forces allow bridging 
this gap due to the late time enhancement by Coulomb (Sommerfeld). 


