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Plan 
1.  Introduction: light and very weakly coupled things. “Intensity 

frontier” direction. Reasonable and not-so-reasonable models. Early 
cosmology building blocks: CMB, BBN, inflation	


2.  Universe as an active detector: CMB and BBN limits on MeV-scale 
dark photons	


3.  Bosonic super-WIMPs, and their absorption signature in direct 
detection.	


4.  Super-cool dark matter: oscillations of coherent fields. Examples and 
observational consequences.	


5.  Birefringence effects due to light pseudoscalar fluctuations generated 
by inflation. 	


	




Coupling vs mass plot 
	


	


In 2012-2013 LHC experiments discovered a new particle (Higgs boson) and a new 
force (Yukawa force). What do we know about forces in nature ? 	
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Intensity frontier direction 
	


	


*** We often concentrate on trying to find O(0.1-1) strength coupled 
fields/particles with TeV scale energy mass. (hierarchy motivated) 	


How far in Energy can one explore this parameter space ? ***	


	


*** Another direction, mX ~ (or <) mSM , is also important, and far less 
thought through and explored 	


How far down in Coupling Constants can we explore? ***	


	


(In low energy experiments sometimes it is not possible to distinguish 
whether an effect comes from O(1) coupled heavy physics, or from 
weakly coupled light physics: e.g. g-2 of the muon discrepancy )	
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Let us classify possible connections between Dark sector and 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 “portals” to the SM 



My simple criteria for appraising BSM models 

Category 1: Well motivated. New particles and interactions that are 
introduced for a solid reason, and among other things satisfy stringent 
criteria of technical naturalness (QCD axions, SUSY partners, RH 
neutrinos participating in mass generation…. ). 	


Category 2: Technically natural “why not” physics: New particles and 
interactions that are stable under quantum corrections without “black 
magic”. Dark photons in certain mass ranges, ALPs, sterile neutrinos 
beyond those that give neutrino masses.	


Category 3: Perhaps not natural, but addressing a specific observational 
anomaly. (DM anomalies, particle physics anomalies etc).	


Category 4: Technically unnatural, but I and/or my friends work on them. 
(E.g. models of changing couplings; chameleons; ALPs with non-
derivative couplings). Justification: coolness factor	


Category 5: Technically unnatural models that other people work on….	




Big Questions in Physics 
	


	


“Missing mass” – what is it? 	


New particle, new force, …? Both? How to find out? 	

	


Challenges ?? Too many options for DM. In “direct detection” there is 
an extrapolations from ~ kpc scale (~ 1021 cm)  down to 102 cm scale. 	


	




Evolution of theoretical interest to DM 

Mid 90’s: In the 0th approximation: SUSY neutralino as WIMPs and 
axion models as “super-cold” DM. 	


	


Last ~15 years – O(few 100) or more models of WIMPs (sometimes 
much simpler than MSSM neutralino), super-WIMPs, and super-cold 
DM are developed. Some models have a much broader observational 
consequences than “neutralinos and/or axions”. Some have no 
observable properties other than gravitational interactions.	


	


Future? Any model of DM that has a chance of satisfying abundance 
(+may be some theory priors of “technical naturalness”) is worth 
searching for. Category 2 à Category 1.  	




More on DM models 
SM sector comes in with 3 generations, 3 gauge groups, ~ 20 free 
parameters and lots of particles with very strange names. 	


	


Is it reasonable to expect that the Dark Matter sector includes some 
isolated dark matter particles and nothing else? 	


	


In recent years, there has been a keen interest to “friends of dark matter” 
– new particles that connect SM with DM (known as “mediators” or 
“dark forces”), as well as to the possibilities that Dark Matter particles 
come in some multiplets with more particle states in close proximity to 
DM. ß This greatly expands model-building possibilities and allows 
accommodating various anomalies within the DM framework. (See N. 
Wiener’s talk)	




Simple classification of particle 
DM models 

At some early cosmological epoch of hot Universe, with temperature      
T >> DM mass, the abundance of these particles relative to a species of 
SM (e.g. photons) was	


Normal: Sizable interaction rates ensure thermal equilibrium,        NDM/Nγ =1. 
Stability of particles on the scale tUniverse is required. Freeze-out calculation gives the 
required annihilation cross section for DM -> SM of order ~ 1 pbn, which points 
towards weak scale. These are WIMPs.	


Very small: Very tiny interaction rates (e.g. 10-10 couplings from WIMPs). Never in 
thermal equilibrium. Populated by thermal leakage of SM fields with sub-Hubble rate 
(freeze-in) or by decays of parent WIMPs. [Gravitinos, sterile neutrinos, and other 
“feeble” creatures – call them super-WIMPs] 	


Huge: Almost non-interacting light, m< eV, particles with huge occupation numbers 
of lowest momentum states, e.g.  NDM/Nγ ~1010. “Super-cool DM”. Must be bosonic. 
Axions, or other very light scalar fields – call them super-cold DM. 	
 	


	
Signatures can be completely different. 	




Cosmological history: we can extrapolate 
back in time very well: CMB, BBN, inflation 
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BBN abundances at ηCMB  
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Latest BBN developments 
•  Planck re-measures most of the cosmological parameters, but there is 

no drastic change in η compared to WMAP/SPT/ACT. 

•   Planck determines helium abundance Yp. Accuracy approaches 10%. 

•  Cooke et al (2013) claim better accuracy and less scatter for the re-
evaluated observational abundance of D/H. Perfect agreement, it 
seems! 

•  With latest results, no evidence of 6Li in the stellar atmospheres. 

•  Only 7Li remains a problem [it is not clear if observed=primordial]  

10 Cooke et al.

Fig. 5.— Values of D/H for the Precision Sample of DLA measurements analyzed in this paper. The orange point represents the new case reported here
(J1358+6522). The left and right panels show respectively the D/H measures as a function of the DLA oxygen abundance and H i column density. The dark
and light green bands are the 1! and 2! determinations of !b,0 h2 from the analysis of the CMB temperature fluctuations recorded by the Planck satellite
(Planck Collaboration 2013) assuming the standard model of physics. The conversion from D/H to !b,0 h2 is given by eqs. 5 and 6.

TABLE 2
The Precision Sample of D/HMeasurements in QSO Absorption Line Systems

Literature This work
QSO zem zabs [O/H]a logN(H i) log (D/H) logN(H i) log (D/H) Ref.b

(cm!2) (cm!2)
HS 0105+1619 2.652 2.53651 !1.77 19.42 ± 0.01 !4.60 ± 0.04 19.426 ± 0.006 !4.589 ± 0.026 1, 2
Q0913+072 2.785 2.61829 !2.40 20.34 ± 0.04 !4.56 ± 0.04 20.312 ± 0.008 !4.597 ± 0.018 1, 3, 4
SDSS J1358+6522 3.173 3.06726 !2.33 . . . . . . 20.495 ± 0.008 !4.588 ± 0.012 1
SDSS J1419+0829 3.030 3.04973 !1.92 20.391 ± 0.008 !4.596 ± 0.009 20.392 ± 0.003 !4.601 ± 0.009 1, 5, 6
SDSS J1558!0031 2.823 2.70242 !1.55 20.67 ± 0.05 !4.48 ± 0.06 20.75 ± 0.03 !4.619 ± 0.026 1, 7
aWe adopt the solar value log(O/H)" + 12 = 8.69 (Asplund et al. 2009).
bReferences – (1) This work, (2) O’Meara et al. (2001), (3) Pettini et al. (2008a), (4) Pettini et al. (2008b),
(5) Pettini & Cooke (2012), (6) Cooke et al. (2011), (7) O’Meara et al. (2006).

the literature systems that did not meet our selection criteria
(see Section 2.2.1) have larger uncertainties, and thus their
contribution to the weighted mean value of D /H is relatively
low.

4.1. The Cosmic Density of Baryons
Using the most up-to-date calculations of the network of

nuclear reactions involved in BBN, the primordial abundance
of deuterium is related to the cosmic density of baryons (in
units of the critical density), !b,0, via the following relations
(Steigman 2012; G. Steigman 2013, private communication):

(D /H)p = 2.55 # 10!5 (6/"D)1.6 # (1 ± 0.03) (5)
"D = "10 ! 6(S ! 1) + 5#/4 (6)

where "10 = 273.9!b,0 h2, S = [1 + 7(Ne" ! 3.046)/43]1/2 is
the expansion factor and # is the neutrino degeneracy param-
eter (related to the lepton asymmetry by Equation 14 from
Steigman 2012). The rightmost term in eq. 5 represents the
current 3% uncertainty in the conversion of (D /H)p to "D due
to the uncertainties in the relevant nuclear reactions rates (see
Section 4.2). For the standard model, Ne" $ 3.046 and # = 0.
In this case, the Precision Sample of D/H measurements im-
plies a cosmic density of baryons:

100!b,0 h2(BBN) = 2.202±0.020 (random) ±0.041 (systematic)
(7)

where we have decoupled the error terms from our measure-
ment (i.e. the random error term) and the systematic uncer-
tainty in converting the D abundance into the baryon density
parameter.
As can be seen from Figure 5, this value of !b,0 h2 is in ex-

cellent agreement with that derived from the analysis of the
CMB temperature fluctuations measured by the Planck satel-
lite (Planck Collaboration 2013):

100!b,0 h2(CMB) = 2.205 ± 0.028. (8)
4.2. The Current Limitation

In the era of high-precision cosmology, we feel that it is
important to highlight the main limitations a"ecting the use
of (D /H)p in the estimation of cosmological parameters. As
can be seen from eq. 7, the main source of error is in the
conversion of (D /H)p to the baryon density parameter ("D,
and hence !b,0 h2). In large part, this systematic uncertainty
is due to the relative paucity of experimental measures for
several nuclear cross-sections that are important in the net-
work of BBN reactions, particularly deuteron–deuteron re-
actions and the d(p, $)3He reaction rate at the relevant en-
ergies (Fiorentini et al. 1998; Nollett & Burles 2000; Cyburt
2004; Serpico et al. 2004). Since these studies, estimates for
the deuteron–deuteron reaction cross-sections (Leonard et al.
2006) have improved and their contribution to the error budget
has been reduced. Themain lingering concern involves the re-
action rate d(p, $)3He, for which only a single reliable dataset
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Fig. 6.— The 1! and 2! confidence contours (dark and light shades respectively) for Ne! and "b,0 h2 derived from the primordial deuterium abundance (blue),
the CMB (green), and the combined confidence contours (red). The left panel illustrates the current situation, while the right panel shows the e!ect of reducing
the uncertainty in the conversion from (D /H)p to "b,0 h2 by a factor of two (see discussion in Section 4.2). Dashed and dotted lines indicate the hidden contour
lines for BBN and CMB bounds respectively.

Fig. 7.— The 1! and 2! confidence contours (dark and light shades respec-
tively) for Ne! and "b,0 h2 derived from the primordial deuterium abundance
(blue), the primordial He mass fraction (green), and the combined confidence
contours (red). Dashed and dotted lines indicate the hidden contour lines for
(D /H)p and YP bounds respectively.

recently as a probe of the e!ective number of neutrino fam-
ilies (Cyburt 2004; Nollett & Holder 2011; Pettini & Cooke
2012, see also Section 5.1). Here, we demonstrate that precise
measures of the primordial deuterium abundance (in combi-
nation with the CMB) can also be used to estimate the neu-
trino degeneracy parameter, ", which is related to the lepton
asymmetry by Equation 14 from Steigman (2012).
Steigman (2012) recently suggested that combined esti-

mates for (D /H)p, YP, and a measure of Ne! from the CMB,
can provide interesting limits on the neutrino degeneracy pa-
rameter (" ! 0.079, 2!; see also, Serpico & Ra!elt 2005;
Popa & Vasile 2008; and Simha & Steigman 2008). By com-
bining (D /H)p and YP, this approach e!ectively removes the
dependence on "b,0 h2. Using the conversion relations for
(D /H)p and YP (eqs. 5–6 and 13–14) and the current best de-
termination of YP (0.253±0.003; Izotov, Stasinska, & Guseva
2013), in addition to the Planck+WP+highL19 constraint on
Ne! and the precise determination of (D /H)p reported here,
we derive a 2! upper limit on the neutrino degeneracy param-
eter, |"| ! 0.064, based on the approach by Steigman (2012).
We propose that an equally powerful technique for estimat-
19 We used the base cosmology set with Ne! and YP added as free param-

eters (see Section 6.4.5 of Planck Collaboration 2013).

ing " does not involve removing the dependence on "b,0 h2
by combining (D /H)p and YP, as in Steigman (2012). In-
stead, one can obtain a measure of both "b,0 h2 and Ne! from
the CMB, and use either (D /H)p or YP to obtain two sepa-
rate measures of ". This has the clear advantage of decou-
pling (D /H)p and YP; any systematic biases in either of these
two values could potentially bias the measure of ". Separating
(D /H)p and YP also allows one to check that the two estimates
agree with one another.
Our calculation involved aMonte Carlo technique, whereby

we generated random values from the Gaussian-distributed
primordial D/H abundance measurements, whilst simultane-
ously drawing random values from the (correlated) distribu-
tion between "b,0 h2 and Ne! from the Planck+WP+highL
CMB data (Planck Collaboration 2013)20. Using Equation 19
from Steigman (2012, equivalent to eq. 6 here), we find
"D = +0.05 ± 0.13 for (D /H)p, leading to a 2! upper limit
of |"D| ! 0.31.
With the technique outlined above, we have also computed

the neutrino degeneracy parameter from the current observa-
tional bound on YP. For this calculation, we have used the
MCMC chains from the Planck+WP+highL CMB base cos-
mology with Ne! and YP added as free parameters. In this
case, the CMB distribution was weighted by the observational
bound on YP (YP = 0.253±0.003; Izotov, Stasinska, & Guseva
2013). Using Equations 19–20 from Steigman (2012, equiv-
alent to eqs. 6 and 14 here), we find "D = +0.04 ± 0.15 for
(D /H)p and "He = "0.010 ± 0.027 for YP. These values
translate into corresponding 2! upper limits |"D| ! 0.34 and
|"He| ! 0.064. Combining these two constraints then gives
" = "0.008 ± 0.027, or |"| ! 0.062 (2!).
Alternatively, if we assume that the e!ective number of

neutrino species is consistent with three standard model neu-
trinos (i.e. Ne! # 3.046), we obtain the following BBN-only
bound on the neutrino degeneracy parameter by combining
(D /H)p and YP, " = "0.026 ± 0.015, or |"| ! 0.056 (2!). We
therefore conclude that all current estimates of the neutrino
degeneracy parameter, and hence the lepton asymmetry, are
consistent with the standard model value, " = 0.
20 Rather than drawing values of "b,0 h2 and Ne! from the appropriate

distribution, we instead used the Markov-Chain Monte Carlo chains provided
by the Planck science team, which are available at:
http://www.sciops.esa.int/wikiSI/planckpla/index.php?
title=Cosmological Parameters&instance=Planck Public PLA



Precision physics with CMB anisotropies 

	


CMB [in my opinion] gives strong support to inflation: but no 
definitive Hinfl yet (until BICEP2 claim is verified): L. Senatore’s talk	


  

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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Dark Photons 
Consider a new vector particle with the mass, and the coupling to the 

electromagnetic current, i.e. massive photon (Okun; Holdom…) 
  

§  This is an extremely popular model, subject to a variety of 
experimental searches in MeV-GeV range with κ ~ 10-3. Can be used 
to “regulate” DM abundance or form the super-WIMP DM.  

1

p2µ −
(p2µ)

2

Λ2

=
1

p2µ

− 1

p2µ − Λ2
(16)

1

ω2 − �p2 − �p6

Λ4
HL

(17)

Leverything = LSM+gravity + Linflation +
1

2
(∂µa)

2
+

a

2fa
FµνF̃µν (18)

ψ =
a1 − a2

fa
(19)

�EE� → �BB�; �TB� = �EB� = 0 (20)

L = −1

4
V

2
µν +

1

2
m

2
V V

2
µ + κJ

EM
µ Vµ (21)

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

. (22)

3
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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.  Gradually, all 
parameter space in the “SM corner” gets probed/excluded. 
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A theorist’s suggestion: 

     Let us study ~ a few MeV mass Vector with coupling κ ~ 10-18 so that 

   αeff ~ α κ 2 ~ 10-38 !!!! 
NB: mp

2/MPl
2 ~ 10-38  

 
Production cross section for the                               process is 
……………    

      cm2 

 
 
HEP experimentalist’s reaction:  

Cosmological Constraints on Very Dark Photons
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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
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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

But ….. Not only such a model can be tested – as it turns out it is 
excluded by the data !!! 
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New constraints on very dark photons 
§  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….. 

§  Fradette, Pradler, MP, Ritz, to appear in ~ 1week.  
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Filling out details….  

§  Lifetime against the decay to electron-positron pairs 

§  e+e-àV in the early Universe leads to the energy stored per 
baryon  

    for 
(Previously calculated in Postma, Redondo, 2008 – we improve over 
it by including hadronic channels and resonant production.) 
 
§  Once injected back to the medium via Vàe+e-  ~ 1/3 of the stored 

energy leads to ionization. E.g. 1 eV p.b. recreates Xe ~ few 10-2. 
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tally testable, and at the same time allows for a vector
which is naturally light. This portal has been actively
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regime in which the vector is a loop factor lighter than
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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

V /(2πα) � (8mV )2. It turns out that the res-
onant production is parametrically suppressed relative
to the bulk production, and the details of correspond-
ing calculation are included in Appendix A. The bulk of
the production corresponds to temperatures of mV and
below where T -dependence of

�
|Mll̄|2 can be safely ne-

glected. In our model it is given by

�
|Mll̄|2 = 16παeffm

2
V

�
1 + 2

m2
l

m2
V

�
. (6)

The same matrix element determines the decay width,

ΓV→ll̄ =
αeff

3
mV

�
1 + 2

m2
l

m2
V

��

1− 4
m2

l

m2
V

. (7)

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

1

(2π)3
1

4

�

Eq. 9
dEldEl̄e

−El+El̄
T

�
|Mll̄|2 (8)

where the integration region is given by

����
m2

V

2
−m2

l − ElEl̄

���� ≤
�

E2
l −m2

l

�
E2

l̄
−m2

l . (9)

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)

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
l
V

H(T )T
. (11)

The integrals are evaluated numerically using

H(T ) � 1.66
�

g∗(T )
T

2

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
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VDP change ionization history 
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V = 1014s.

3. IMPACT ON BBN

Late decays of dark photons affect the epoch of pri-
mordial nucleosynthesis with cosmic time t � 1 s in a
variety of ways. The resulting constraints are governed
by a combination of lifetime and abundance, and both
have complementary trends with respect to mV ; τV (YV )
decreases (increases) with growing mass. Therefore we
generally expect constraints to be well bounded as local-
ized islands in parameter space with suitable combination
of mV and YV with BBN sensitivity.

Prior to decay, V contribute to the matter content sub-
stantially, YV � 108 for τV < 1 s. Whereas the mod-
ification of the Hubble rate is generally small, the de-
cays of V imply the injection of electrons, muons, pions,
etc., in numbers larger than that of baryons. The effects
on BBN are best described by partitioning the decay into
electromagnetic and hadronic energy injection and in the
following we provide a lightning review of those modes
separately.

MeV-scale vector masses mV < 2mπ make for a pro-
totype model of electromagnetic energy injection be-
cause the dominant kinematically accessible decay modes
are V → e+e−, µ+µ−. Muons decay before interacting
weakly, and electron-positron pairs are instantly thermal-
ized via rapid inverse Compton scattering on background
photons. An electromagnetic cascade forms in energy de-
grading interactions of photons and electrons. The large
number of photons created 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 � m2

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
contrast, lower energetic photons below the pair-creation
threshold can interact with the light elements. Equating
Epair against the thresholds for dissociation of the vari-
ous light elements informs us about the temperature and
hence cosmic time tph when to expect the scenario to be
constrained:

tph �






2× 104s, 7Be + γ → 3He + 4He (1.59MeV),
5× 104s, D+ γ → n+ p (2.22MeV),
4× 106s, 4He + γ → 3He/T+ n/p (20MeV),

where the binding energy of the nucleus against destruc-
tion has been given in brackets. Finally, we also note
that we find that neutrino injection from muon decay
does not yield observable changes in the light element
abundances—a facinating story in itself [3].

Once mV > 2mπ the hadronic channels open in the
decay of V and the effects on BBN become more difficult
to model. A major simplification is that only long-lived
mesons π±, K±, and KL with lifetime τ ∼ 10−8 s and
(anti-)nucleons have a chance to undergo a strong in-
teraction reaction with ambient protons and nuclei. The
ample reactions are charge exchange, e.g. π−+p → π0+n,
and absorption with subsequent destruction of light el-
ements, e.g. π− + 4He → T + n. Prior to the end of
the deuterium bottleneck at T � 100 keV only the for-
mer reactions are possible. They change the n/p ratio
that determines the primordial 4He value. Later, once
elements have formed, the charge exchange creates “ex-
tra neutrons” on top of the residual and declining neu-
tron abundance. Moreover, spallations of 4He with non-
equilibrium production of mass-3 elements and secon-
daries, e.g. through T + 4Hebg → 6Li + n are impor-
tant. We model all such reactions in great detail, in-
clude secondary populations of pions from kaon decays,
and various hyperon producing channels from reactions
of kaons on nucleons and nuclei. A detailed exposition of
the hadronic part along with a discussion of all included
reactions can be found in our previous work [3]. More
details are provided when discussing our findings below
as well as in the appendix.

We now proceed reviewing light element observations
that form the basis of our adopted limits. Probably the
most notable recent development in the determination
of light element abundances are two precision measure-
ments of D/H from high-z QSO absorption systems [6, 7].
Both have error bars that are by a factor ∼ 5 smaller
than the handful of previously available determinations.
Taken together, the mean observationally inferred pri-
mordial D/H value now reads [7],

D/H = (2.53± 0.04)× 10−5. (15)

Yet, systematically higher levels of primordial D/H are
nevertheless conceivable, despite what the error bar sug-
gests. For example, D may be astrated or absorbed on

7

Ref [30] 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 [30]

f(z) =
dE
dz

��
dep

(z)
dE
dz

��
inj

(z)
(27)

= H(z)

�

species

� ∞

z

d ln(1 + zin)

H(zin)

�
T (zin, z, E)E

dÑ

dE
dE

�

species

�
E
dÑ

dE
dE

,

(28)

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 [20, 31] 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
−} [17]. We show feff(mV ) along

with each decay channel contributions and their branch-
ing ratios in figure 6 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 [30], which

is clearly seen in the f
e±

eff curve.
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FIG. 6. 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 (26), we find that our
CMB constraints on Γ− ζ lead to the excluded region of
parameter space shown in Fig. 7. This is rather remark-
able sensitivity to an effective electromagnetic coupling
αeff ∼ 10−37 − 10−38.
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FIG. 7. CMB constraints on VDP. The lifetime in seconds
and relative number density of dark photons to baryons prior
to their decay is included.

5. CONCLUDING REMARKS

[TO DO .....] The analysis in this paper assumed the
vector mass was above the electron threshold. For lower
masses, V naturally has a lifetime well in excess of the
age of the universe and can play the role of dark matter
[1, 2]. In this regime its relic abundance is fixed instead
by Thomson-like scattering, e+γ → e+V . As discussed
in [1], for mV ∼ 100 keV, indirect constraints still allow
this cosmological abundance with κ ∼ 10−11, but photo-
electric absorption in dark matter detectors would leave
a detectable ionization signal. Recent electronic back-
ground data from XENON100 in the 1-100 keV range
[23] shows now signal and thus appears to close this win-
dow, as discussed in more detail in [24].
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APPENDIX A

Our evaluation of the number of relativistic degrees of
freedom needed in the Hubble rate and entropy density
follows the technique used in [34], updated to more recent
QCD theoretical developments.
The Wuppertal-Budapest lattice QCD group pro-

vides [35] a fitting function for the trace anomaly, from
which we can extract the energy and entropy density.
Their function incorporates the hadron resonance gas
model below the pseudo-critical temperature Tc and nf =

Excluded! 

3

l

l̄

Aµ Vµ

κ

time

FIG. 2. Illustration of the coalescence production of the dark
photon through an off-shell photon.

production of the dark photon states. The resonant pro-

duction occurs at much earlier times [2], at temperatures

T
2
r ≥ 3m2

V /(2πα) � (8mV )
2. It turns out that the res-

onant production is parametrically suppressed relative

to the bulk production, and the details of correspond-

ing calculation are included in Appendix A. The bulk of

the production corresponds to temperatures of mV and

below where T -dependence of
�

|Mll̄|2 can be safely ne-

glected. In our model it is given by

�
|Mll̄|2 = 16παeffm

2
V

�
1 + 2

m
2
l

m
2
V

�
. (6)

The same matrix element determines the decay width,

ΓV→ll̄ =
αeff

3
mV

�
1 + 2

m
2
l

m
2
V

��

1− 4
m

2
l

m
2
V

. (7)

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

1

(2π)3

1

4

�

Eq. 9
dEldEl̄e

−El+El̄
T

�
|Mll̄|2 (8)

where the integration region is given by

����
m

2
V

2
−m

2
l − ElEl̄

���� ≤
�

E
2
l −m

2
l

�
E

2
l̄
−m

2
l . (9)

In the approximation when only electrons are allowed to

coalesce and their mass can be neglected, ml � mV <

2mµ, (9) reduces to ElEl̄ ≥ m
2
V /4 and the integration

leads to a modified Bessel function,

sẎV = ṅV + 3HnV =
3

2π2
ΓV→ll̄m

2
V TK1(mV /T ) (10)

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
V

H(T )T
. (11)

The integrals are evaluated numerically using

H(T ) � 1.66
�
g∗(T )

T
2

Mpl
; s(T ) =

2π2

45
g∗(T )T

3

(12)

where g∗(T ) is the effective number of relativistic degrees

of freedom, evaluated with the most recent lattice and

perturbative QCD results (see Appendix A for details).

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 B).

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 scalar QED rules (Appendix C).

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 panels in figure 3.

Top panel shows it as function of mV at fixed αeff , and

the lower panel fixes the VDP lifetime to τV = 1014s. We

demonstrate the contributions from the different produc-

tion channels. Using the calculated VDP energy reservoir

we are now ready to explore its consequences for the BBN

and the CMB.
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VDP can change BBN 
 
 
 

5

dust grains. Indeed, values as high as 4×10−5 have been
reported [8, 9] so that as a conservative upper limit we
employ,

D/H < 3× 10−5. (16)

On the flip side, underproducing D yields a robust con-
straint since no known astrophysical sources of D exist.
We account for this constraint either by adopting a nom-
inal lower 2σ-limit from (15) or by demanding,

3He/D < 1. (17)

The latter limit employs the solar system value [10] and
arises from the consideration that D is more fragile than
3He, and hence a monotonically increasing function of
time. Despite the uncertain galactic chemical evolution
of 3He, (17) can therefore be considered as robust.

The inference of the primordial mass fraction Yp from
extragalactic H-II regions proved to be systematically un-
certain in the past [11, 12] and values in the range

0.24 ≤ Yp ≤ 0.26 (18)

have been reported. We adopt this range as our cosmo-
logically viable region.

Finally, what is believed to be the primordial value
of 7Li/H, the so-called Spite plateau [13] is a factor of
3-5 lower than the lithium yield from standard BBN,
7Li/H = (5.24+0.71

−0.67) × 10−10 [14]. We deem the lithium
problem solved in this model if we can identify a region
in parameter space where lithium is reduce to the Spite
plateau value,

10−10 < 7Li/H < 2.5× 10−5. (19)

We are now in a position to present our results in Fig. 4
where a scan over the mV ,κ parameter space is shown,
and contours of constant lifetime τV relic abundance YV

prior to decay are shown by the diagonal solid and dot-
ted lines, respectively. Three distinct regions labeled I-
III are identified as being in conflict with observations.
They arise from distinct physical processes which we now
proceed to describe.

Regions I: In the regions labeled I the dark photon
exclusively decays into e+e−. They are associated with
pure electromagnetic energy injection.

In region Ia with a ballpark lifetime τV ∼ 105 s 7Be
and D are destroyed. From the outer to the inner
(black) dashed curves, the 7Li/H abundance is reduced
to 4 × 10−10 and 3 × 10−10 respectively. It is therefore
a region in which the cosmological lithium problem is
ameliorated. Smaller abundances of 7Li/H are disfavored
from the constraint 3He/D < 1 (pink shaded region); an
equivalent region from the requirement D/H > 10−5 co-
incides with the latter and is not shown. If we take the
new measurements (15) at face value, the prospective so-
lution to the lithium problem is excluded altogether from
a nominal 2σ lower limit on D/H shown by the (orange)
solid closed line.
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FIG. 4. Effects on BBN from the decay of relic dark photons

as a function vector mass mV and kinetic mixing parameter κ.
The diagonal gray lines are contours of lifetime τV (solid) and

constant relic abundance YV prior to decay (dotted). Shaded

regions are excluded as they are in conflict of primordially

inferred light element abundanced. The solid (orange) closed

line is a potential 2σ constraint from underproduction of D/H

derived from (15). The dashed black lines are contours of de-

creasing
7
Li/H abundance, 4 × 10

−10
and 3 × 10

−10
, going

from the outside to the inside, respectively. The dotted line

shows
6
Li/H = 10

−12
which corresponds to an extra produc-

tion by about two orders magnitude but without being in

conflict with observations.

In region Ib, in addition the the potential underpro-
duction of D/H, photodissociation of 7Li and 7Be leads
to a primary production of 6Li/H > 10−12. This is not
at the level of a constraint, but we show the dotted con-
tour irrespectively in order to better illustrate what is
happening in the respective regions of parameter space.
Finally, in region Ic, with V -lifetime of ∼ 107 s, 4He is

being dissociated and the net creation of 3He/D rules out
this region of parameter space. Once 4He is split, 6Li can
be produced through a secondary mechanism of energetic
mass-3 spallation products such as T+4He|bkg → 6Li+n.
We find, however, that such channels are not efficient
enough to provide any additional constraint.

Region II: Now we turn to the low-lifetime/high-
abundance region II. The lifetime of V is below 100 s
and hence marks a choice of parameters where the dark
photon decays before the end of the D-bottleneck (T ∼
100 keV). The injection of pions and—if kinematically
allowed—of kaons and nucleons, induces n ↔ p intercon-
version. It has the general effect, that the n/p-ratio rises.
The elevated number of neutrons that in turn become
available at the end of the D-bottleneck allow for more
D-formation and subsequently more 4He. The region is
therefore challenged from the constraints Yp ≤ 0.26 and
D/H ≤ 3× 10−5.

Region III: Finally, region III is characterized by the
presence of “extra neutrons” that appear right after the

Previously studied in Postma, Redondo, 2008, MP, Pradler 2010 

Late decays during/immediately after BBN can alter D/H; increase 
He3/D; could affect Lithium somewhat (the latter perhaps not an 
unwanted change) 
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Master plot 2

omitting O(1) factors, one can give a parametric estimate
for the electromagnetic energy release per 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 appearance 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 anisotropies 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.

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 coalescence of e± and µ±, ll̄ → V , shown in figure 2.

The Boltzmann equation 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.
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FIG. 1. An overview of the constraints on the plane of vector
mass versus mixing, showing the regions excluded by due to
their impact on BBN and CMB anisotropies. These excluded
regions are shown in more detail in later sections.

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 .
Although 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

•  We rule out significant fraction of dark 
photon parameter space. 

•  These new limits are inevitable: only 
rely on thermal production and require 
that the Universe was T~ 0.3 mV hot.  

•  Non-thermal component of < Vµ > (so-
called “vacuum misalignment”) will only 
make limits stronger. Existence of “dark 
Higgs” can only make limits stronger. 

•  Limits/sensitivity can be further 
improved with Planck polarization data. 
Independent assessment of D/H is 
needed.  
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VDP dark matter 
•  Very weakly coupled dark photons can be dark matter in sub-eV 

regime due to misalignment mechanism (see J Mardon’s talk) or in 
the keV regime due to thermal emission (MP, Ritz, Voloshin; 
Postma, Redondo, 2008)  

•  If mV < 2 me then only V à 3 γ is possible. It is a delayed decay – 
larger couplings will be consistent with bounds. No monochromatic 
photons = weaker limits from x- and gamma-rays.  

•  Direct coupling to electrons = mono-energetic electron recoil in 
direct dark matter detection. 

•  First searches of spikes in electronic recoil have been performed by 
several dark matter detection collaborations.  
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New signal: absorption of super-WIMPs 

WIMP-nucleus scattering 	
 	
Atomic absorption of super-WIMPs	


WIMP Super-WIMP electron 

nucleus 
nucleus 

Signal: ionization + phonons/light 	
      Ionization at E=msuperWIMP  

d(Events)/dE d(Events)/dE 

E E 
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Superweakly interacting Vector Dark Matter 

 

§  Vectors are long-lived if mV < 2 me. V has to decay to 3 photon 
via the light-by-light loop diagram:  

 
 
The γ-background constraints are weak. (No monochromatic lines) 
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Absorbing Dark Photon DM 

 
 

Direct detection search of Vector super-WIMP should be competitive 
 with other constraints. MP, Ritz, Voloshin, 2008.  
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§  Searches for “odd lines” in electron recoil was performed by e.g. 
CDMS, EDELWEISS, CoGeNT (but only in the limited range of 
energies up to ~ 10 keV) 

§  Xenon100 analysis extends it to 30 keV.  

§  X-mass group publishes new constraint, arXiv:1406.0502 
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FIG. 3. Limits on coupling constants between electrons and vector bosons in the 90% C.L. (thick

solid line) assuming dark matter density 0.3GeV/cm3 is attributed to the vector bosons. The thin

solid line corresponds to the coupling constant required to reproduce the observed dark matter

abundance including resonance e!ects [1, 2]. The dotted line and dashed line correspond to the

upper limit from the ! ray background from 3! decays in the Galaxy, and the constraint from the

He-burning lifetime in horizontal branch (HB) stars [2]. The experimental constraint (dash-dotted

line) assumes production in the Sun [10].

daughter 214Pb. The amount of radon was evaluated by the observed rate of 214Bi-214Po

consecutive decays, and amounts to 8.2 ± 0.5mBq [4]. Based on this rate we evaluated

the expected number of events in the signal window (see Tab. I). The number of remaining

events are consistent with our expectation except for the 40 keV case, where some leakage

events caused by radioactivity on the inner surface are not su!ciently rejected. Since these

contributions are less certain, we did not subtract this background when deriving our upper

limits on on !!/! and gaee. The resulting 90% C.L. limits on these coupling constants are

given in Table I, and for vector bosonic case are also shown in Fig. 3. As can be seen in the

figure, our limits for the vector boson super-WIMPs are comparable to or better than the

current astrophysical constraints. This sensitivity was achieved exploiting low background

of our detector at a level of 10"4 kg"1keV"1day"1, unprecedented in this energy range.

All systematic errors taken into account for deriving 90% C.L. upper limits above arise

from uncertainties in our cut e!ciencies. For cuts (1)-(3) these contributions are negligible.

9

•  Red arrow indicates where the 
abundance curve will move if there 
is some non-thermal component to 
the DM abundance 

•  Current constraints already require 
extra contributions to abundance 
(non-thermal component or 
additional couplings giving more of 
thermal production) 
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Super-cool Dark Matter from misalignment 

•  QCD axion (1981- onwards): J Redondo’s talk 

•  … 

•  Scalar DM through the super-renormalizable Higgs portal (Piazza, 
MP, 2010) Pointed out Dark Photon DM possibility. 

•  Nelson, Scholtz (2011); Arias et al (2012); Jaeckel, Redondo, 
(2013); … J Mardon, this meeting.  

•  … many other options remain to be explored. 

•  Most models are subject to uncertainty related to the “initial 
displacement” of the field from minimum (and possible isocurvature 
perturbation constraints.) 

Sub-eV mass ranges – has to be non-thermal.  
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Scalar DM through super-renormalizable portal 

•  Piazza, MP, 2010: There is a unique portal in the SM  

Sub-eV scalar dark matter through the super-renormalizable Higgs portal

Federico Piazza
1, 2

and Maxim Pospelov
1, 3

1
Perimeter Institute for Theoretical Physics, Waterloo, ON, N2L 2Y5, Canada
2
Canadian Institute for Theoretical Astrophysics (CITA), Toronto, Canada

∗

3
Department of Physics and Astronomy, University of Victoria, Victoria, BC, V8P 1A1, Canada

†

(Dated: April 8, 2010)

The Higgs portal of the Standard Model provides the opportunity for coupling to a very light

scalar field φ via the super-renormalizable operator φ(H
†
H). This allows for the existence of a very

light scalar dark matter that has coherent interaction with the Standard Model particles and yet has

its mass protected against radiative corrections. We analyze ensuing constraints from the fifth-force

measurements, along with the cosmological requirements. We find that the detectable level of the

fifth-force can be achieved in models with low inflationary scales, and certain amount of fine-tuning

in the initial deviation of φ from its minimum.

I. INTRODUCTION

About 95% of the energy budget of the Universe con-

sists of ”dark” – and unknown – components. This is

a strong motivation for considering and studying hidden

sectors beyond the Standard Model (SM). Gravitational

effects of dark matter cannot reveal the mass of its con-

stitutents, and indeed a wide variety of mass ranges, from

the inverse galactic size to the super-Planckian scales, is

conceivable. While many models that possess stable par-

ticles with masses comparable to the SM energy scales

have been a subject of incessant theoretical and experi-

mental activity, models with light sub-eV mass scale dark

matter received far less attention.

Below the eV mass scale the dark matter would have

to be of integer spin, and be produced non-thermally.

The only chance of detecting such dark matter non-

gravitationally would occur if such particles are converted

into electromagnetic radiation in the external fields or

they modify the interaction stength of SM particles. But

if light dark matter interacts with the SM, then immedi-

ately its lightness comes to question as the quantum loops

with SM particle may easily destabilize the mass scale. A

prominent particle in this category is the QCD axion [1]

that interacts with the SM currents derivatively, jµ∂µa,

and has its tiny mass generated by the non-perturbative

QCD effects protected at any loop level. Because of the

pseudoscalar nature of a and its derivative couplings, it

does not generate a long-range attractive force.

A very natural question to ask is whether SM allows

for couplings to other types of sub-eV dark matter fields

that lead to additional observable effects. For a recent

review of the light sector phenomenology see, e.g. [2].

Real scalar field φ and the vector field Vµ provide such

opportunities with their couplings to the SM fields via

the so-called Higgs and vector portals:

(Aφ+ λφ
2
)H

†
H Higgs portal (1)

∗Electronic address: fpiazza@perimeterinstitute.ca
†Electronic address: mpospelov@perimeterinstitute.ca

JµVµ; ∂µJµ = 0 Vector portal,

where H is the Higgs doublet, A and λ are parameters

and Jµ is some locally conserved SM current, such as

hypercharge of baryon current. If there is some initial

value for φ or Vµ fields with respect to their zero energy

configurations, one can source part/all of the Universe’s

energy density from the coherent oscillations around the

minimum.

The perils of low mass scale stabilization are immedi-

ately apparent in Eq. (1). Indeed, any loops of the SM

fields would tend to induce the correction to the mass

of φ field ∼ λΛ
2
UV , where ΛUV is the highest energy

scale in the problem serving as the ultra-violet cutoff.

Therefore, λ should be taken to incredibly small values,

making this portal irrelevant for the phenomenology of

sub-eV dark matter. In contrast, the vector portals and

the super-renormalizable Higgs portal, AφH
†
H, allow to

avoid problems with technical naturallness. In the lat-

ter case loop corrections scale only as A
2
logΛUV , while

the quadratic divergences affect only the term linear in

φ, which can typically be absorbed in an overall field

shift. In this paper we examine generic consequences of

this coupling for the sub-eV scalar dark matter, leaving

vector dark matter to future studies.

II. SUPER-RENORMALIZABLE PORTAL TO
THE SCALAR DARK MATTER

The specific case of a singlet scalar φ coupled via

a super-renormalizable term of the type φH
†
H, (see

e.g. [3–8] and references therein), has been mostly stud-

ied in connection with electroweak and GeV-scale phe-

nomenology, with a notable exception of [6, 9], where

a possibility of super-weakly interacting Higgs-coupled

dark matter was pointed out. The scalar potential in the

model of interest reads as:

V = −m
2
h

2
H

†
H + λ(H

†
H)

2
+AH

†
Hφ+

m
2
ϕ

2
φ
2
. (2)

This model is explicitly renormalizable and does not re-

quire any additional UV completion (if one is willing to

ar
X

iv
:1

00
3.

23
13

v2
  [

he
p-

ph
]  

7 
A

pr
 2

01
0

•  There is no runaway direction if  

•  After integrating out the Higgs, the theory becomes very similar to 
Brans-Dicke – but better because of UV completeness our theory.  

       

•  Parameter “A” is of positive mass dimension. Loop corrections to 
mass2 of scalar field scale as ~ A2 Log(Λ) . Under control ! 

2

tolerate the usual fine-tuning problem with m2
h itself).

We chose to redifine away possible linear terms in φ by

shifting the field, and absorbing A∆φ into m2
h.

After spontaneous symmetry breaking, the two fields

acquire a vacuum expectation value, �H†H� = v2/2,
�φ� = φ0, where

v2 =
m2

h

2λ−A2/m2
ϕ

, φ0 = − Av2

2m2
ϕ

(3)

and v = 246 GeV. The potential (2) has a stable mini-

mum only ifA2/m2
ϕ < 2λ, which is what we assume in the

following; otherwise, it develops a runaway direction in

the (φ, H†H) plane unless additional nonlinear φ4
terms

are introduced. The low energy dynamics is encoded in

the two physical fields h and ϕ, defined as

H =
1√
2

�
0

v + h

�
, φ = φ0 + ϕ (4)

and with Lagrangian

L =
(∂h)2

2
+

(∂ϕ)2
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2
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2
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(5)

−(Av)hϕ− A

2
h2ϕ+ . . . (6)

As already noted, Higgs loops give only logarithmically

divergent corrections to mϕ. Therefore, the requirement

of technical naturalness bounds the scale of mϕ from be-

low by the coupling A. In summary, by defining the

dimensionless ratio x ≡ A/mϕ, we assume x � 1 and

x <
√
2λ, although also values x � 1 will be considered.

III. FIFTH FORCE AND EQUIVALENCE
PRINCIPLE VIOLATION

The singlet ϕ couples to SM particles through the mix-

ing with the Higgs field. Depending on the mass mϕ and

coupling A, the ϕ-mediated attractive force can produce

testable deviations from 1/r2-gravitational force as well

as composition dependence, thus violating the Equiva-

lence Principle (EP). The leading contributions to ϕ-
couplings mediated by the ϕ-Higgs propagator is shown

in Fig. 1. As a rule of thumb, the ϕ-couplings are sup-

pressed with respect to the Higgs couplings by a factor

of Av/m2
h:

gϕxx =
Av

m2
h

ghxx, (7)

where ghxx is the effective dimensionless coupling of

the Higgs to x-particle at very low momentum tranfer.

Therefore, the effective Lagrangian describing the inter-

actions with the SM gauge and fermion fields takes the

following form:

Leff =
Av

m2
h

�
ghff f̄f +

ghγγ
v

FµνF
µν

+ . . .
�
ϕ . (8)

In the above, ghff are the Yukawa couplings to

fermions. Those can either be fundamental, as the SM

couplings to quarks and leptons, ghqq = mq/v, ghll =

ml/v where mq (ml) is the mass of the quark (lepton)

under consideration, or effective, as in the case of the

nucleons. The latter includes the contributions from all

heavy quarks contributing to the coupling to gluons ghgg
that provide a dominant contribution in the chiral limit

[10]. Below the QCD scale, the estimate of the effective

Yukawa coupling of the Higgs to nucleons is rather un-

certain due to a poorly known strangeness content of the

nucleon in the 0
+
channel:

ghNN � 200− 500MeV

v
∼ O(10

−3
). (9)

This is much larger than the naive contribution of up and

down quarks.

The violation of EP is evident from the fact that the

electrons and nucleons have couplings to the ϕ field that

do not scale exactly with masses,

ghee
me

�= ghNN

mnuc
. (10)

The effective coupling of the Higgs to the electromag-

netic field, ghγγ , is obtained by integrating out heavy

charged particles, and the question of which one is

“heavy” depends on the characteristic q2 of (virtual) pho-
tons. The coupling ghγγ can be written in the following

form (see, e.g. [12]):

ghγγ =
αEM

6π

�
3

�

q

Q2
q +

�

l

Q2
l −

21

4

�
, (11)

where summation goes over the quark and lepton fields

with charges Qq and Ql, and the last term is due to

the the W -bosons. For the purpose of calculating the

ϕ → γγ decay, one has to sum over e, µ, τ and c, b, t.
Corrections coming from the light quark sector are sub-

dominant, because in the chiral limit they contribute at

two-loops. In practice, their contribution would amount

Figure 1: The mixing with the Higgs Av mediates the cou-

pling of ϕ to SM particles.
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to at most 10% correction. Including these fermion con-
tributions gives ghγγ(q2 = m2

ϕ) � αEM/(8π). For the
purpose of calculating the coupling of ϕ to nuclei when
the EM fraction of energy is taken into account, electrons
should not be included in the sum, and muon contribu-
tion should include a form-factor. We are not going to
pursue this calculation, because it turns out that ghγγ
provides a subleading contribution to the EP violation.

Field ϕ mediates a fifth force of range ∼ m−1
ϕ . More

precisely, at the Newtonian level of approximation, the
total effective gravitational potential between two bodies
A and B at relative distance r, presents a Yukawa con-
tribution due to the interaction of the long range field
ϕ,

V (r) = −G
mAmB

r
(1 + αAαB e−mϕr) . (12)

The scalar couplings α can be expressed in terms of the
log-derivative of the masses as

αA√
2MP

=
d lnmA(ϕ)

dϕ
, (13)

where MP is the reduced Planck mass and mA(ϕ) in-
cludes terms in the Lagrangian that are bilinear in the
fields and couple to ϕ, such as those in eq. (8). When
calculating αA, one should consider the leading univer-
sal contribution from the nucleons and all the corrections
that are specific to the element A (See e.g. [13]). The
main, species-independent part of the nuclear mass is
given by mnuc(NA+ZA), and the universal coupling α is
obtained from eqs. (8), (9) and (13):

α = ghNN

√
2MP

mnuc

Av

m2
h

(14)

� 10−3
� mh

115GeV

�−2 A

10−8eV
.

In the limit of a very long range force, the value of
α is bounded by post-Newtonian tests of General Rela-
tivity to α2 � 10−5 [14]. However, one can easily see
that for mass range of mϕ below 10−12 eV, the rela-
tive strength of the φ-induced force drops below 10−14

from the gravitational field strength, which would make
it extremely challenging for experimental detection and
immune to the Solar System tests. Thus, it is more in-
teresting to consider intermediate-range forces. Tests of
gravitational inverse-square law limit the Yukawa com-
ponent of the gravitational potential [15, 16]. By means
of equation (14), such tests give a bound on A. This
is shown in Fig. 2. The two panels are elaborations of
plots taken from Refs. [15] and [16]. A force with similar
values of mϕ and A (x � 1) is excluded in the range of
masses mϕ � 10−8eV − 10−3 eV.

The calculations of the EP-violating part of the scalar
exchange is a far more delicate excercise. One should rec-
ognize that the equivalence principle is violated already
at the level of nucleons, that is ghnn/mn �= ghpp/mp. As
is well-known, the neutron and proton mass difference

Figure 2: We plot the constraints on the mass mϕ and cou-
pling A = xmϕ coming from fifth force experiments, and tak-
ing ghNN to the maximum of its allowed range. The range
of the force is just λ = m−1

ϕ . The coupling α is obtained
in eq. (14) by assuming mh � 120 GeV. For two different
mass ranges, the lines corresponding to x = 1, x = 10−2 and
x = 10−4 are superimposed on the plots of references [15]
(upper panel) and [16] (lower panel).

comes about because of the unequal quark masses, and
electromagnetic contribution to the nucleon mass. One
can estimate (mn − mp)|mu �=md � 2.1 MeV and (mn −
mp)|EM � −0.8 MeV, so that together both contributions
combine to the observable mass difference ∆mnp = 1.3
MeV. The ϕ-dependence of both pieces is completely dif-
ferent. Because of the loop smallness of ghγγ the electro-
magnetic fraction of nucleon mass is far less dependent on
ϕ: ∂(mn−mp)|EM/∂h � ∂(mn−mp)|mu �=md/∂h. There-
fore, when we estimate the mass of an atom, we add to
the universal term proportional to the baryon number a
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where MP is the reduced Planck mass and mA(ϕ) in-
cludes terms in the Lagrangian that are bilinear in the
fields and couple to ϕ, such as those in eq. (8). When
calculating αA, one should consider the leading univer-
sal contribution from the nucleons and all the corrections
that are specific to the element A (See e.g. [13]). The
main, species-independent part of the nuclear mass is
given by mnuc(NA+ZA), and the universal coupling α is
obtained from eqs. (8), (9) and (13):
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In the limit of a very long range force, the value of
α is bounded by post-Newtonian tests of General Rela-
tivity to α2 � 10−5 [14]. However, one can easily see
that for mass range of mϕ below 10−12 eV, the rela-
tive strength of the φ-induced force drops below 10−14

from the gravitational field strength, which would make
it extremely challenging for experimental detection and
immune to the Solar System tests. Thus, it is more in-
teresting to consider intermediate-range forces. Tests of
gravitational inverse-square law limit the Yukawa com-
ponent of the gravitational potential [15, 16]. By means
of equation (14), such tests give a bound on A. This
is shown in Fig. 2. The two panels are elaborations of
plots taken from Refs. [15] and [16]. A force with similar
values of mϕ and A (x � 1) is excluded in the range of
masses mϕ � 10−8eV − 10−3 eV.

The calculations of the EP-violating part of the scalar
exchange is a far more delicate excercise. One should rec-
ognize that the equivalence principle is violated already
at the level of nucleons, that is ghnn/mn �= ghpp/mp. As
is well-known, the neutron and proton mass difference

Figure 2: We plot the constraints on the mass mϕ and cou-
pling A = xmϕ coming from fifth force experiments, and tak-
ing ghNN to the maximum of its allowed range. The range
of the force is just λ = m−1

ϕ . The coupling α is obtained
in eq. (14) by assuming mh � 120 GeV. For two different
mass ranges, the lines corresponding to x = 1, x = 10−2 and
x = 10−4 are superimposed on the plots of references [15]
(upper panel) and [16] (lower panel).

comes about because of the unequal quark masses, and
electromagnetic contribution to the nucleon mass. One
can estimate (mn − mp)|mu �=md � 2.1 MeV and (mn −
mp)|EM � −0.8 MeV, so that together both contributions
combine to the observable mass difference ∆mnp = 1.3
MeV. The ϕ-dependence of both pieces is completely dif-
ferent. Because of the loop smallness of ghγγ the electro-
magnetic fraction of nucleon mass is far less dependent on
ϕ: ∂(mn−mp)|EM/∂h � ∂(mn−mp)|mu �=md/∂h. There-
fore, when we estimate the mass of an atom, we add to
the universal term proportional to the baryon number a
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at the level of nucleons, that is ghnn/mn �= ghpp/mp. As
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comes about because of the unequal quark masses, and
electromagnetic contribution to the nucleon mass. One
can estimate (mn − mp)|mu �=md � 2.1 MeV and (mn −
mp)|EM � −0.8 MeV, so that together both contributions
combine to the observable mass difference ∆mnp = 1.3
MeV. The ϕ-dependence of both pieces is completely dif-
ferent. Because of the loop smallness of ghγγ the electro-
magnetic fraction of nucleon mass is far less dependent on
ϕ: ∂(mn−mp)|EM/∂h � ∂(mn−mp)|mu �=md/∂h. There-
fore, when we estimate the mass of an atom, we add to
the universal term proportional to the baryon number a

One can expect a “natural” 5th force from DM in 10 micron – 100 m range 
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Changing couplings from DM? 
§  The same model would predict the “oscillating” pattern of couplings, 

as emphasized by  Arvanitaki, Huang, Tilburg, 2014.  
§  The chance to detect it is for mφ < 10-15 eV, and the ROI is [of course]  

in an unnatural range of parameters (category 2 à category 4).  
§  Oscillating couplings is such a cool signature anyways, so it should be 

searched for directly in experiment. (Leefer, Budker;…) [not crazier 
than a constant drift of couplings]  
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Oscillating force on spin in ALP DM 
§  “CASPEr-yesterday or CASPEr-USSR”: 
P.V. Vorob’ev, A.I. Kakhidze, I.V. Kolokolov, Axion wind: A search for 
cosmological axion condensate (in Russian), Yadernaya fizika, 58, 1032-1036 
(1995) [P.V. Vorob’ev, A.I. Kakhidze, I.V. Kolokolov, Axion wind: A search for 
cosmological axion condensate, Phys. Atom. Nucl., 58(6), 959-963 (1995)] 
P.V. Vorobyov, I.V. Kolokolov, Detectors for the Cosmic Axionic Wind, Gravit. 
Cosmol., 4, Suppl., 62-69 (1998) 
arXiv:astro-ph/9501042v1 13 Jan 1995 
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DETECTORS FOR THE COSMIC
AXIONIC WIND

P.V.Vorobyov!, I.V.Kolokolov!,!!
!Budker Institute of Nuclear Physics,

Novosibirsk 630090, Russia
!!INFN, Sez.di Milano, 20133 Milano, Italia

We propose experimental schemes for detection an axionic con-

densat supposed to be a cosmic dark matter. Various procedures are

considered in dependence on the value of the axion mass.

1. Introduction.

There are well known indications that a large part of the Universe mass exists
in a form of dark matter:

The analysis of rotation curves of galaxies leads to the conclusion that the
mass of luminous matter is less than 1/10 part of the total galaxies mass [1],[2].

The existence of the dark matter is supported by the so called ”virial para-
doxes”. In a stationary system the virial theorem gives the relation:

E + 2P = 0, or Mv2 + P = 0, (1)

where E is the kinetic energy of the system, P is the potential energy, M is its
mass and v2 is the velocity variation. It turns out that the reach and compact
galaxies have inacceptible large v2 being in the same time stable with respect
to anothers characteristics. For such the galaxies to be stable their masses must
be one order greater than the observable ones [1],[3]. There are theoretical and
observational arguments that this dark matter cannot be usual barionic matter
as dust, planets etc.

On the other hand there are attractive models where the dark matter is non-
relativistic gas of light elementary particles weakly interacting with the ”usual”
matter [4], [5]. Periodicity in the distribution of quasars and distant galaxies
with the red shift [6], [7] could be naturally explained in the cosmology with
a gas of very light (pseudo)Goldstone bosons filling the Universe [8],[9]. Small
mass and small interaction constants are ordinary properties of pseudoscalar
particles arising in various Grand Unification schemes (axions, familons, arions
etc.).

The interaction of the axion field ! with the fermion one " is described by
the Lagrangean density:

Lint = iqa!"̄#5" (4)

" is cosidered below as the electron field and qa is the dimensionless electron-
axion coupling constant.

For the condensat state the expectation value of the field operator !(x) di!ers
from zero. (To avoid misunderstanings we stress that we consider the condensat
of real particles which di!ers drastically from Lorentz invariant condensats of
the quantum field theory.) In a frame of reference moving with a non-relativistic
velocity v through the condensat the value of < ! > is equal to:

< ! >=
1

!
ma

!

"0e
"imat+imavx + "#

0e
imat"imavx

"

, (5)

The electron-condensat interaction resulting from (4) is taken into account by
adding to the electron Hamiltonian the term:

V̂ = µa$ < ! > ! = iµa
!

m(v!)
!

"0e
"imat+imavx " "#

0e
imat"imavx

"

, (6)

where µa = qa/2me is the axionic magneton of the electron, ma is the axion mass
and h/2$ = c = 1 is assumed. It means that a non-relativistic electron perceives
the axionic condensat as a spase-inhomogenious magnetic field oscillating in
time. The e!ective strength of this field is equal to:

Beff = 2%
!

&av sin(mat + mavx + '). (7)

Here &a is the density of the condensat, % = µa/µB, µB is the Bohr magneton
and ' is some phase. Such an unusual manner of the matter—condensat in-
teraction results from the field % current form of Lint (4) where just the field
factor refers to the condensat. (For example, the helium condensat is repre-
sented in all interaction Lagrangians by the current factor. A more appropriate
analogy is the scattering of a classical electromagnetic wave on an electron.)

Let us suppose that v is equal to the ”cosmological” velocity of the Earth:
v & 10"3. Then the wavelength corresponding to the space variations of the
field Beff can be estimated as

( = 0.1
#

1eV

ma

$

(cm) (8)

If ma < 1eV the length ( ' 0.1cm and for samples of sizes ( 1mm one can
treat the field Beff as a homogenious one:

Beff = b sin(mat + '), b = 2%
!

&av. (9)

Recently revived by 
Graham, Rajendran, 2013 
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Oscillating force on He3 spin 

Easy to see if e.g. M. Romalis’ “Lorentz violation” search is sensitive to 
ALPs dark matter: 

 

As everyone else in this game, I will saturate ρDM by oscillating a(t). 

I will take the maximum allowed fa from stellar constraints.  

I will take the range of masses 10-17 to 10-15 eV where the K-He3 
magnetometer is the most sensitive 

The energy shift due to DM:  

 

 

Right at the edge of current sensitivity!! 

1

p2µ −
(p2µ)

2

Λ2

=
1

p2µ
− 1

p2µ − Λ2
(16)

1

ω2 − �p2 − �p6

Λ4
HL

(17)

Leverything = LSM+gravity + Linflation +
1

2
(∂µa)

2
+

a

2fa
FµνF̃µν (18)

ψ =
a1 − a2

fa
(19)

�EE� → �BB�; �TB� = �EB� = 0 (20)

L = −1

4
V 2
µν +

1

2
m2

V V
2
µ + κJEM

µ Vµ (21)

�P = ∇S + curl �V (22)

ω2 − �k2 ± da

fadt
|�k| = 0 (23)

∆ω± = ± da

fadt
(24)

P (E0) =

� E0

0

dE
σnucl(E)ntarget

|dE/dx| (25)

L =
∂µa

fa
nγµγ5n (26)

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
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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

3
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March, April 2012– Bicep 2 results!! 

 
 
 

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

If interpreted as the signature of primordial tensor perturbations 
generated by inflation it gives very high Hubble rate during inflation, 
with Hinfl=1.4 1014 GeV. Well, it poses a lot of questions to anyone who 
tries to play with some physics that has fundamental scale below1014 
GeV. Profound consequences for theoretical physics, if true!  
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Problems with Bicep-2 claim	


 

 

 

Bicep B-mode = Lensed E-mode + c2*dust + c3*(Tensor mode 
contribution) + c4*Birefringence effect + … 

 

Initial claim: c2 ~ 0, c3 ≠ 0 

Subsequent re-analysis: c3 = 0 and c2 ≠ 0 is also possible.  

***** 

Nobody analyzed data for the presence of c4 (this is non-minimal model) 

•  There is one modification – massless ALP with initial field profile 
generated by inflation – that is quite predictive in terms of Cl(BB) * 

•  Inflation provides access to large values of light fields – allows 
probing small couplings 
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Some background on CMB polarization 
(Kamionkowski, Stebbins, Kosowsky; Seljak, Zaldarriaga, 1997…)  

 

 

    E-mode        B-mode 

Polarization is generated by quadrupole temperature anisotropy, and 
scalar perturbations are capable of generating only the E-modes.   

 

 

 

 

Scalar perturbations [of Newtonian potential] can only generate E-mode 
but perturbations of the full metric tensor [grav waves] can also give B. 
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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

3

hot 
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Main observational outcome of inflation is density perturbations. 
Density perturbations are seeded by the fluctuation of the 
inflaton field:   

δ φ ~ Hinfl/(2 π). Unfortunately, the measurement of Δ ρ/ρ  
does not fix the scale of inflation:     
(1.93 * 10-10)COBE,WMAP~ GN Hinfl

2/(4πε) 
 

       Slow-roll parameter 
       ε = M2

pl(V’/V)2   can be 
   V(inflaton)    small…    

  
 
 

       
    V(inflaton) 

         
   or very very small 

 
Amplitude of tensor perturbations is not fixed by inflationary framework! 

Inflation, perturbations  
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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 

 

 

The measure of the r.m.s. angular rotation is  δa~ Hinfl/(2π fa) Log z 
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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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p2µ −
(p2µ)

2

Λ2

=
1

p2µ

− 1

p2µ − Λ2
(16)

1

ω2 − �p2 − �p6

Λ4
HL

(17)

Leverything = LSM+gravity + Linflation +
1

2
(∂µa)

2
+

a

2fa
FµνF̃µν (18)

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:

c
(4)
LV ∼ m

2
softc

(6)
LV ∼ m2

soft

Λ2
LV

. (21)

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 Δψ

(n) = ALSS(n)=aLSS(n) /fa.  Since fa > 1011 GeV is a mild constraint, 
H ~ 1010 GeV or below can generate BB	
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Master formula for <BB> calculation 
MP, Ritz, Skordis, 2008	


 

 

 



41 

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 . 	


Points: upper 
limits from 
WMAP5 and 
QUaD 
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If Bicep B-modes are confirmed as T-modes 
	


 

 

 

Then an unbelievably strong constraints can be derived on the coupling 
of a massless axion to photons:  

fa > 1015 GeV 

Compare it with direct lab bounds of ~ 1010 GeV  

 

Or   …. 

 

If l < 100 excess is coming from the foregrounds, then massless 
pseudoscalars could provide an alternative explanation to Bicep results.  



Conclusions 

Universe is an “active detector”!  

It works according to A.P. Chekhov’s principle: 

 

  

 

On three examples considered today I “hang the gun on the wall” (MeV 
temperatures, or inflation), and in the subsequent act “they fired”: 
leading to CMB distortion, altering BBN reaction chains, and creating 
the B-mode pattern of polarization.  

Several terrestrial experimental categories (precision magnetometry, 
precision gravimeters, and direct detection experiments discussed 
today) are capable of accessing very weakly coupled fields. 

 

“If you say in the first chapter that there is a rifle hanging on 
the wall, in the second or third chapter it absolutely must go 
off. If it's not going to be fired, it shouldn't be hanging there.” 


