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Cold Dark Matter from the Hidden Se
torPaola Arias1;21Deuts
hes Elektronen-Syn
hrotron (DESY), Hamburg, Germany2Fa
ultad de F��si
a, Ponti�
ia Universidad Cat�oli
a de Chile, Casilla 306, Santiago 22, ChileWeakly intera
ting slim parti
les (WISPs) su
h as hidden photons (HP) and axion-likeparti
les (ALPs) have been proposed as 
old dark matter 
andidates. They might beprodu
ed non-thermally via the misalignment me
hanism, similarly to 
old axions. In thistalk we review the main pro
esses of thermalisation of HP and we 
ompute the parameterspa
e that may survive as 
old dark matter population until today. Our �ndings are quiteen
ouraging for experimental sear
hes in the laboratory in the near future.1 Introdu
tionWISPy 
old dark matter (CDM) is not so surprising after all, sin
eWISPs ful�ll one of the prime
onditions that one may ask to 
old dark matter: a very weak 
oupling to Standard Model (SM)parti
les. A good example is the axion, produ
ed non-thermally by the misalignmentme
hanism[1, 2, 3℄. However, it has been proposed re
ently [4℄ that also 
old dark matter 
omprised oflight hidden Abelian gauge bosons - known as paraphotons or hidden photon (HP) - might beprodu
ed by this me
hanism. As a matter of fa
t, the misalignment me
hanism is quite generaland 
an generate CDM out of any light boson �eld that satisfy some general 
onditions [5℄. Inthe se
ond part of the manus
ript we dis
uss dete
tion te
hniques and present 
onstraints.2 WISPy 
old dark matter and the misalignment me
ha-nismThe misalignmentme
hanismwas originally 
on
eived for the non-thermal produ
tion of axions.During the QCD phase transition era the initial angle of the axion �eld starts to realign with thetrue QCD va
uum. The energy in the �eld then behaves like dark matter. Su
h a me
hanism
an also produ
e a population of a di�erent boson �eld provided its mass is smaller than the
hara
teristi
 time of the universe (t0 � H), mt0 � 0. When mt0 � 1 is rea
hed the �eld isable to respond to the existen
e of its mass, readjusting the state to a di�erent minimum of thepotential. On
e the minimum is rea
hed, 
ertain overshoot is expe
ted, 
ausing the os
illationof the �eld around it. The smaller the mass of the �eld, the later it will begin to os
illate,allowing for bigger dark matter abundan
es. Therefore, the misalignment me
hanism 
ouldnaturally give rise to a population of WISPy CDM, provided it does not thermalise until today.For instan
e, let us 
onsider the 
ase of the hidden photon, whi
h o

ur naturally in manySM extensions based on �eld and string theory [6℄. Assuming the universe underwent a period ofin
ation at a value of the Hubble expansion parameter (H) larger that the HP mass, m
0 � H ,where m
0 is the HP mass, the equation of motion for the spatial 
omponents in an expandingPatras 2011 1
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Universe reads [4℄, �Bi + 3H _Bi +m2
0Bi = 0: (1)Details 
an be found in [5℄. The equation undergoes two di�erent regimes: H � m
0 , the �eldgets essentially frozen and 
annot respond to the mass term. At a later time, tinitial, at whi
hH(tinitial) � m
0 the damping be
omes under
riti
al and the �eld 
an roll down the potentialand start to os
illate. The residual damping due to the expansion fa
tor redu
es the amplitudeof the os
illations, su
h that the energy density of the HP �eld s
ales as 12m2
0(Bi)2 � a�3;whi
h is exa
tly the behavior expe
ted for non-relativisti
 matter. The dark matter density ofthe HP �eld today depends on the initialmisalignment, Biinitial, of the �eld therefore to a
hievethe 
orre
t dark matter density requires a �ne-tuning.3 Cosmologi
al 
onstraints on hidden photonsIn order to ensure that the boson �eld produ
ed by the misalignment me
hanism survives untiltoday one needs to 
he
k whether there is some pro
ess that 
ould thermalise it. Is generallyassumed that the SM parti
les are un
harged under the HP and the only intera
tion betweenthe visible and hidden se
tor is through kineti
 mixing between photons and HPs [7℄L = �14F��F�� � 14B��B�� + m2
02 B�B� � �2F��B�� + J�A�; (2)where the A� and B� 
orrespond to photon and hidden photon �eld, respe
tively. The mixingbetween both is parametrised by the kineti
 mixing term � and we have in
luded the 
ouplingbetween ele
tri
ally 
harge matter des
ribed by the 
urrent J�, and photons. Nevertheless,on
e a 
hange of basis of the type A� ! ~A� � � ~B�, B� ! ~B� to remove the kineti
 mixing,one 
an see that ordinary matter also 
ouples to the massive hidden photon state. Thus, theHP 
ouples to 
harged matter with a strength �. However, in the early universe the plasmae�e
ts modify the e�e
tive kineti
 mixing dramati
ally (details 
an be seen in [8, 9, 10, 11℄).The e�e
tive mixing parameter shows a resonan
e at the e�e
tive photon mass m
 ,�2 ! �2e� = �2m4
0�m2
 �m2
0�2 + (!�0)2 ; (3)where m
 is the photon mass in a plasma and !�0 is a damping 
oeÆ
ient asso
iated withabsorption part of the refra
tive index of the medium. Examining the possible pro
esses that
ould thermalise the 
ondensate, the Compton evaporation 
0 + e! 
 + e may be a dominantpro
ess, as dis
ussed in [4℄. A 
lose estimate of the 
ondition �=H < 1, where � is theintera
tion rate of Compton evaporation,� = Z d3p �(p) v(p) fe(p); (4)and the Hubble expansion rate, H = 1:66 g1=2� T 2=MP ; shows that an important 
ontributionto the ratio �=H 
omes from the resonan
e 
ondition m
 � m
0 , asso
iated with a resonan
etemperature, Tres. The result, for di�erent HP masses, is plotted in Fig. 1. As expe
ted thede
ay rate is heavily enhan
ed at Tres, 
orresponding to m
 = m
0 , and rapidly drops at higher2 Patras 2011
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Figure 1: �= ��2H� for di�erent hidden photonmasses. The e�e
ts near the resonan
e 
learly domi-nates. The 
orresponding approximation from referen
e[4℄ is shown as a dotted line.
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Figure 2: The region in red 
orresponds to where theHP CDM 
ondensate does not thermalise. The blueregion 
orresponds to the the 
onstraints obtained fromdire
t dark matter sear
hes. For details of the �gure see[5℄.temperatures. These e�e
ts have not been taking into a

ount in Ref. [4℄ whi
h negle
ted theplasma e�e
ts. Performing a more 
areful 
omputation at the resonan
e temperatures we 
anobtain the maximal �(m
0) at whi
h is possible to keep the 
ondensate alive, displayed in Fig. 2.This result is quite en
ouraging: hidden photons in this parameter range are not only predi
tedin popular string 
ompa
ti�
ations [12℄, but are also within rea
h of the next generation of purelaboratory experiments based on light-shining-through walls [13℄.4 Mi
rowave 
avity sear
hesMi
rowave 
avity experiments looking for reli
 axions 
ould also be used to 
onstrain and sear
hfor the hypotheti
al 
old HP 
ondensate that we have been dis
ussing so far. To start with,let us assume the energy density in the hidden photons is equal to the dark matter density,therefore, �DM = m2
0=2jBj2: To simplify things, we will 
onsider two possible s
enarios: thedire
tion of the HP �eld is (essentially) una�e
ted by stru
ture formation and all HPs point inthe same dire
tion (at least for a suitably big region of spa
e). Or, the dire
tion of HPs behavelike a gas of parti
les with the ve
tor pointing in random dire
tions. In the �rst s
enario the HPdire
tion is 
hara
terized by a �xed ve
tor n̂, whereas in the se
ond 
ase we have to average the�nal result over all dire
tions for n̂. With this understood, let us write for the hidden photon�eld, B(x) = n̂p2�0m
0 ; with �0 the dark matter density on earth.In the mi
rowave 
avity, the power emission is related to the energy stored inside, U , andthe quality fa
tor of the 
avity, Q, as Pout = �!0U=Q, where � is the 
oupling of the 
avity tothe dete
tor. Evaluating at resonan
e (!0 = m
0) we �nd [5℄Pout = ��2m
0�QV G; (5)where the geometri
 fa
tor G is de�ned asG = ��R dVA�
av(x) � n̂��2V R d3 xjA
av(x)j2 : (6)Patras 2011 3



In a 
avity E = !A. This geometry fa
tor has exa
tly the same form as in the axion 
ase(
f. [14℄) but with the dire
tion n̂ repla
ing the dire
tion of the external magneti
 �eld Bmagnetin the axion 
ase. It is interesting that already now the negative sear
hes for CDM axions ofpast mi
rowave 
avity experiments 
an be turned, via Eq. (5), into new ex
lusion regions forHPs, 
f. the region "Halos
ope Sear
hes" in Fig. 2.5 Con
lusionsWe have argued that the misalignment me
hanism is a very powerful tool to produ
e a 
on-densate of pra
ti
ally any light boson �eld in the early universe. In parti
ular, in this letterwe have fo
used on hidden photons. Our results show that the parameter spa
e where theCDM population may have survived until today is a

essible to future laboratory experiments,su
h as light-shining-through-walls experiments, helios
ope experiments, and mi
rowave 
avitysear
hes (halos
opes). All the above applies also to an axion-like parti
le (ALP) whi
h 
anbe 
onsidered to be a (pseudo-)s
alar �eld � enjoying a periodi
 shift symmetry - a 
ommonfeature o

urring in string 
ompa
ti�
ations. A generi
 ALP may have its mass arising fromsome hidden intera
tions, su
h as string instanton e�e
ts or expli
it symmetry breaking. Insome 
ases, the mass of the ALP 
an also vary in time, for instan
e due to thermal 
orre
tions.The results of these investigations will appear in a near future [5℄.6 A
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