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Motivation I: What’s the problem?
8 Standard Model of particle physics has some shortcomings, notably

• neutrino masses
• stabilization of the weak scale
• flavor structure (mixings and masses)
• unification with gravity
• absence of strong CP violating terms
• . . .

8 Further puzzles from cosmology:

• dark matter and dark energy (or alternative ‘accelerators’)
• baryogenesis, inflation, initial conditions
• . . .

8 More recently, some new puzzles from astrophysics:

• anomalous contributions of anti-matter and gamma rays
• (N.B.: We have still the old problems though!)
• . . .

? ‘Model-Building’ approach
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Motivation II: Testability
4 Many solutions to these problems

predict a plethora of additional
particles and forces.

(Ü talks by J. Conlon & M. Goodsell)

Ü ‘hidden’ by feeble interaction with
matter and/or mass thresholds

? ‘Phenomenological’ approach:

• interaction guided by gauged
and global symmetries

• simple test scenarios from
laboratory experiments,
astrophysics and cosmology
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Motivation II: Testability
4 Many solutions to these problems

predict a plethora of additional
particles and forces.

(Ü talks by J. Conlon & M. Goodsell)

Ü ‘hidden’ by feeble interaction with
matter and/or mass thresholds

? ‘Phenomenological’ approach:

• interaction guided by gauged
and global symmetries

• simple test scenarios from
laboratory experiments,
astrophysics and cosmology

Due to lack of time (and personal bias), I will mainly focus on
Axions and other WISPs.

[WIMPs Ü talks by L. Covi, A. Jenkins, J. Read & L. Roszkowski]
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Axions and their Relatives
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Strong CP Problem

• Instanton action in non-abelian gauge theories: [’t Hooft’76]Z
d4xLθ =

θ

16π2

Z
d4x tr GµνG̃µν = θ

Z
d4x ∂µKµ = θZ

Ü Non-trivial vacuum structure (‘θ-vacuum’): [Callan/Dashen/Gross’76;Jackiw/Rebbi’76]

|θ〉 =
∞X
−∞

exp(−iθn)|n〉 (∆n =

Z
d3x K0)

Ü ‘θ-vacuum’ is not invariant under chiral transformation; invariant quantity:

θ̄ = θ + arg det M

• θ̄-angle observable; limits from electric dipole moment of the neutron:

|dn| < 2.9× 10−26ecm ⇒ |θ̄| . 10−11

[Baker et al.’06]

Ü Why do the contributions in θ̄ cancel to such a precision?
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Peccei-Quinn Solution (in a nutshell)
• Introduce a global chiral symmetry U(1)PQ which is spontaneously broken at the

scale fa. [Peccei/Quinn’77]

Φ→ fa + φ√
2

eia/fa

• Axion a – the pseudo-Goldstone boson of the broken symmetry – transforms as
[Weinberg’78;Wilczek’78]

a→ a + α fa

• Effective Lagrangian contains U(1)PQ breaking terms due to QCD and QED chiral
anomalies.

La = −1
2
∂µa∂µa + Lint

»
∂µa
fa

;ψ

–
+

„
θ̄ +N a

fa

«
αs

4π
trGµνG̃µν + E a

fa

α

8π
Fµν F̃µν

Ü Elliminate θ̄-term by a shift a→ a′ ≡ a− θ̄fa/N .

Ü Axion receives periodic potential with V(0) ≤ V(a′).
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Peccei-Quinn Solution (in a nutshell)

• Axion mass (determined by current algebra): [Weinberg’78]

ma ' fπmπ
fa/N

√
z

1 + z
' 6 meV

„
109 GeV

fa/N
«

(z ≡ mu/md ' 0.56 fπ ' 93 MeV mπ ' 135 MeV)

• Coupling to photons:

Laγγ = −1
4

gaγγa Fµν F̃µν = gaγγa E · B

gaγγ =
α

2πfa/N
»

2
3

4 + z
1 + z

− EN
–

Ü effective parameters:

E/N : ratio of QED and QCD anomalies

fa/N : effective U(1)PQ breaking scale
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Axion Models
8 PQWW model ( fa ' v ' 246 GeV ): [Peccei/Quinn’77;Weinberg’78;Wilczek’78]

SM + second Higgs doublet;
ruled out e.g. by kaon and Υ decay ( K+ → π+ + a & Υ→ γ + a) [Bardeen et al.’87]

4 ‘Invisible Axion’ models ( fa � v ):

• DFSZ(-type) models: [Dine/Fisher/Srednicki’81;Zhitnisky’80]

SM + second Higgs doublet + electroweak scalar;

E/N = 8/3 (= 2
3

4QPQ,u+QPQ,d+3QPQ,e
QPQ,u+QPQ,d

);

• KSVZ(-type) models: [Kim’79;Shifman/Vainshtein/Zakharov’80]

SM + ultra-heavy quark + electroweak scalar;

E/N = 0 (= 6Q2
em);

• Composite models: [Kim’85]

SM + confining ‘axiquarks’ in (anti-)fundamental representations of SU(N);

E/N = 6(Q2
Y,3 − Q2

Y,1);
• . . .
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How ‘invisible’ is the Axion?
Axion coupling to SM particles:

a

a

a

a

q

q

!

!

G

G

"

"

ga""gaGG

gaqq ga!!
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How ‘invisible’ is the Axion?

Important Astrophysical Processes:

Compton-like Scattering

aγ

e− e−

Primakoff Process

aγ

Z, e− Z, e−

Axion Bremsstrahlung (ga``)

a

e−
e−

Z, e− Z, e−

Axion Bremsstrahlung (gaNN)

a

N
N

N N

π
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Direct and Indirect Bounds

– 12–

Figure 2: Exclusion and experimental search ranges
as described in the text. Limits on coupling strengths
are translated into limits on mA and fA using z =
0.56 and the KSVZ values for the coupling strengths.
The “Laboratory” bar is a rough representation of the
exclusion range for standard or variant axions. The “GC
stars and white-dwarf cooling” range uses the DFSZ
model with an axion-electron coupling corresponding to
cos2 ! = 1/2. The Cold Dark Matter exclusion range
is particularly uncertain. We show the benchmark case
from the misalignment mechanism.

July 16, 2008 10:42

[PDG’08]

• Stellar Evolution [e.g. Raffelt’86]

• Solar Age, Solar Model, Helioseismology
[Schlattl&Raffelt’98]

• White Dwarves (gaee) [Raffelt’86;Isern et al.’08]
• SN 1987A (gaNN ) [Ellis/Olive’87;Turner’88;Raffelt’06]
• Globular Cluster Stars [Raffelt’86;Raffelt&Dearborn’87]

• Solar Axion Emission

• Axion Helioscopes [Sikivie’83,’84]
• Bragg Diffractive Scattering

[Buchmüller&Hoogeveen’90]

• Axion Dark Matter

• Overclosure of Universe
• Structure Formation

[Hannestad&Raffelt’03;Hannestad et al’05]
• Axion Decay [Bershady et al.’91;Grin et al.’06]
• Axion Haloscopes [Sikivie’83,’84;Bradley et al.’03]

• Laboratory Experiments

• Regeneration, Vacuum Birefringence&Dicroism
(more on this later)
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Direct and Indirect Bounds
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[CAST Collaboration ’08]

? ADMX (Ü talk by G. Rybka)

? Tokio Helioscope (Ü talk by R. Ohta)

? CAST (Ü talks by E. Ferrer-Ribas, M. Karuza & K. Jakovcic)
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Axion-Like Particles (ALPs) in Laser Experiments

[Okun’82,Sikivie’83,Anselm’85,van Bibber et al.’87,Raffelt&Stodolsky’88]
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Axion-Like Particles (ALPs) in Laser Experiments

scalar φ(+)

L(+)
int = −1

4
gφ(+)FµνFµν

=
1
2

gφ(+)(~E2 − ~B2)

pseudo-scalar φ(−)

L(−)
int = −1

4
gφ(−)FµνeFµν

= gφ(−)(~E · ~B)

parameters:

mass mφ

coupling g

~Bext

~E

~E⊥

~E‖
θ

Anisotropic light
absorption causes a
rotation ∆θ of the
polarization plane.

e.g. axion-like particles:

Bext

φγ
2

~Bext

~E′

~E⊥

~E′‖
∆θ
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Axion-Like Particles (ALPs) in Laser Experiments

scalar φ(+)

L(+)
int = −1

4
gφ(+)FµνFµν

=
1
2

gφ(+)(~E2 − ~B2)

pseudo-scalar φ(−)

L(−)
int = −1

4
gφ(−)FµνeFµν

= gφ(−)(~E · ~B)

parameters:

mass mφ

coupling g

~Bext

~E

~E⊥

~E‖
θ

Anisotropic speed of
light propagation

causes a phase shift
and ellipticity ψ.

e.g. axion-like particles:

Bext

φ
γ γ

~Bext

~E′

ψ
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Axion-Like Particles (ALPs) in Laser Experiments

• ellipticity:

− ψ(+) = ψ(−) =
Npass

2

 
gBω
m2
φ

!2 
`m2

φ

2ω
− sin

 
`m2

φ

2ω

!!
sin 2θ

• rotation:

−∆θ(+) = ∆θ(−) = Npass

 
gBω
m2
φ

!2

sin2

 
`m2

φ

4ω

!
sin 2θ

• “light-shining-through-a-wall” (LSW):

Ṅ(−)
γ reg = Ṅ0

—
Npass + 1

2

�
1

16
(gB` cos θ)4

0BB@ sin
„
`m2
φ

4ω

«
`m2
φ

4ω

1CCA
4

? typically: `/ω ' m/eV ' (45µeV)2 and B` ' Tesla m ' GeV (!)
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Laser Experiments: History & Presence
Experiment Reference ∆θ ψ LSW

ALPS (DESY/D)
“Axion-Like Particle Search”

arXiv:0905.4159 8 8 4

BFRT
(BNL-Fermilab-Rochester-Trieste)

Phys.Rev.D47(1993) 4 4 4

BMV (LULI/F)
“Biréfringence Magnétique du Vide”

Phys.Rev.Lett.99 (2007)
Phys.Rev.D78 (2009) 8 8 4

GammeV (Fermilab/USA)
“Gamma to meV particle search”

Phys.Rev.Lett.100 (2008)
Phys.Rev.Lett.102 (2009) 8 8 4

LIPSS (Jefferson Lab/USA)
“LIght Pseudoscalar or Scalar particle Search”

Phys.Rev.Lett.101 (2008)
arXiv:0810.4189

8 8 4

OSQAR (CERN/CH)
“Optical Search for QED vacuum magnetic birefrin-

gence, Axions and photon Regeneration”

Phys.Rev.D78 (2008) 8 8 4

PVLAS (INFN/I)
“Polarizzazione del Vuoto con LASer”

Phys.Rev.Lett.96 (2006)
Erratum-ibid.99 (2007)
Phys.Rev.D77 (2008)

4 4 (4)

Q&A (Hsinchu/Taiwan)
“QED & Axion”

Mod.Phys.A22 (2007) 4 8 8
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ditions of Fig. 2(a), but with the magnet on at 5.25 T. Here
sideband peaks at�2�m are present (peak phase is 336� �
6�). To simplify the comparison, we show spectra with a
similar noise level (�10�8 rad) near the ‘‘2’’ sidebands.
The sideband peaks at frequency shifts ��m were studied
and found to be uncorrelated, both in amplitude and in
phase, to the signal sidebands at �2�m. Sideband peaks at
a distance �2�m from the carrier, similar to the ones
appearing in Fig. 2(b), have been observed in all the
PVLAS data runs with the magnet energized, and sideband
peak phases have been measured in addition to their am-
plitudes. Several tests have been performed to clarify the
nature of these peaks. We find that the peaks are present
only when the magnet is on and the mirrors of the FP cavity
are mounted. We have also observed that when QWP is
removed from the beam the peak amplitude changes.
Further, when the fast and the slow optical axes of the
QWP are exchanged, that is the QWP is rotated by 90�,
signal phase changes by 180� as expected for a ‘‘true’’
rotation [11], while the amplitude remains unchanged.
These facts indicate that the ‘‘�2�m’’ sidebands are asso-
ciated with an interaction inside the FP cavity.

Vacuum data have been collected for two years, in the
course of six two-week runs, and were routinely taken with
cavity finesses greater than 62 000. Collected data were
subdivided in 100 s long records, for a total of 84 records at
QWP 90� and 121 records at QWP 0�. Each record was
then analyzed with a fitting procedure that compensates the
mechanical jitter of the rotating table and the uneven
sampling of the table position [13]. For each record, the
procedure returns the x and y components of a vector in the

amplitude-phase plane of the �2�m sidebands; these com-
ponents are Gaussian variates, and the procedure returns
their statistical variances as well. Since these data records
have been taken with different cavity finesses, to plot all
available rotation data records in a single graph amplitudes
have been normalized to a single pass in the cavity. The
measurements performed with the two different QWP
orientations, taken within the same two-week run, appear
in the x-y plane as two groups of points located on opposite
sides with respect to the origin. However, the average
phase and amplitude of each group vary from one run to
the other more than their individual dispersion. As a
consequence, the standard deviation of the entire set of x
and y components shown in Fig. 3 is larger than the
standard deviation obtained from the fit procedure: the
values are (a) ��S;x; �S;y� � �2:3; 1:8� � 10�12 rad=pass,
and (b) ��S;x; �S;y� � �2:4; 2:2� � 10�12 rad=pass. We in-
terpret this as an indication of the presence of unidentified
systematic effects which increase the overall measurement
uncertainty. Assuming that these systematic effects have a
Gaussian distribution in the long term, we estimate addi-
tional variances �2

S;x, �
2
S;y from the distributions of the x

and y components. Thus we associate to each x and y
component a new variance �2

tot which is the sum of the
statistical variance from the fit procedure and of the addi-
tional variances �2

S;x and �2
S;y, and calculate weighted

averages of x and y for each orientation of the QWP.
Figure 4 shows both the weighted average vectors, 0 and
90, and the half-difference vector �, representing that part
of the signal changing sign under a QWP axis exchange.
The half-sum vector � is a systematic error. This analysis
suggests a physical origin for the rotation signal observed
in vacuum when the magnetic field is present (numerical
values for � and � are listed in Table II). From Table II we
find the following value for the amplitude of the measured
rotation in vacuum with B � 5 T (quoted with a 3� un-

a b

FIG. 3 (color online). Polar plot showing the distribution of
rotation data in vacuum with B � 5 T and (a) the QWP in the
90� position, and (b) the QWP in the 0� position. Each data point
corresponds to a single 100 s record. The statistical uncertainties
from the fit procedure are small (�10�12 rad=pass) and are
omitted for clarity. Solid lines represent the resulting average
vectors and the dotted line shows the physical axis.

PVLAS Run 000808_2 (vacuum) 
QWP axis 0  
field intensity 5.5 T 
avg. number of passes = 4.6 104 
acquisition time = 635.87 s

Frequency (Hz)
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d 
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PVLAS Run 000903_12 (vacuum) 
QWP axis 0  
field intensity 0 T 
avg. number of passes = 4.2 104 
acquisition time = 649.77 s

rotation 
(1.2  0.1) 10-7 radians

FIG. 2 (color online). Typical Fourier amplitude spectra from
vacuum rotation data (P� 10�8 mbar) with and without mag-
netic field. Both spectra were taken with the magnet rotating.
Arrows and numbers below the curves indicate the expected
position of sidebands with frequency shifts that are integer
multiples of �m; the relevant signal peaks correspond to fre-
quency shifts of �2�m.

PRL 96, 110406 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
24 MARCH 2006

110406-3
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Laser Experiments: History & Presence
Experiment Reference ∆θ ψ LSW

ALPS (DESY/D)
“Axion-Like Particle Search”

arXiv:0905.4159 8 8 4

BFRT
(BNL-Fermilab-Rochester-Trieste)

Phys.Rev.D47(1993) 4 4 4

BMV (LULI/F)
“Biréfringence Magnétique du Vide”

Phys.Rev.Lett.99 (2007)
Phys.Rev.D78 (2009) 8 8 4

GammeV (Fermilab/USA)
“Gamma to meV particle search”

Phys.Rev.Lett.100 (2008)
Phys.Rev.Lett.102 (2009) 8 8 4

LIPSS (Jefferson Lab/USA)
“LIght Pseudoscalar or Scalar particle Search”

Phys.Rev.Lett.101 (2008)
arXiv:0810.4189

8 8 4

OSQAR (CERN/CH)
“Optical Search for QED vacuum magnetic birefrin-

gence, Axions and photon Regeneration”

Phys.Rev.D78 (2008) 8 8 4

PVLAS (INFN/I)
“Polarizzazione del Vuoto con LASer”

Phys.Rev.Lett.96 (2006)
Erratum-ibid.99 (2007)
Phys.Rev.D77 (2008)

4 4 (4)

Q&A (Hsinchu/Taiwan)
“QED & Axion”

Mod.Phys.A22 (2007) 4 8 8

ditions of Fig. 2(a), but with the magnet on at 5.25 T. Here
sideband peaks at�2�m are present (peak phase is 336� �
6�). To simplify the comparison, we show spectra with a
similar noise level (�10�8 rad) near the ‘‘2’’ sidebands.
The sideband peaks at frequency shifts ��m were studied
and found to be uncorrelated, both in amplitude and in
phase, to the signal sidebands at �2�m. Sideband peaks at
a distance �2�m from the carrier, similar to the ones
appearing in Fig. 2(b), have been observed in all the
PVLAS data runs with the magnet energized, and sideband
peak phases have been measured in addition to their am-
plitudes. Several tests have been performed to clarify the
nature of these peaks. We find that the peaks are present
only when the magnet is on and the mirrors of the FP cavity
are mounted. We have also observed that when QWP is
removed from the beam the peak amplitude changes.
Further, when the fast and the slow optical axes of the
QWP are exchanged, that is the QWP is rotated by 90�,
signal phase changes by 180� as expected for a ‘‘true’’
rotation [11], while the amplitude remains unchanged.
These facts indicate that the ‘‘�2�m’’ sidebands are asso-
ciated with an interaction inside the FP cavity.

Vacuum data have been collected for two years, in the
course of six two-week runs, and were routinely taken with
cavity finesses greater than 62 000. Collected data were
subdivided in 100 s long records, for a total of 84 records at
QWP 90� and 121 records at QWP 0�. Each record was
then analyzed with a fitting procedure that compensates the
mechanical jitter of the rotating table and the uneven
sampling of the table position [13]. For each record, the
procedure returns the x and y components of a vector in the

amplitude-phase plane of the �2�m sidebands; these com-
ponents are Gaussian variates, and the procedure returns
their statistical variances as well. Since these data records
have been taken with different cavity finesses, to plot all
available rotation data records in a single graph amplitudes
have been normalized to a single pass in the cavity. The
measurements performed with the two different QWP
orientations, taken within the same two-week run, appear
in the x-y plane as two groups of points located on opposite
sides with respect to the origin. However, the average
phase and amplitude of each group vary from one run to
the other more than their individual dispersion. As a
consequence, the standard deviation of the entire set of x
and y components shown in Fig. 3 is larger than the
standard deviation obtained from the fit procedure: the
values are (a) ��S;x; �S;y� � �2:3; 1:8� � 10�12 rad=pass,
and (b) ��S;x; �S;y� � �2:4; 2:2� � 10�12 rad=pass. We in-
terpret this as an indication of the presence of unidentified
systematic effects which increase the overall measurement
uncertainty. Assuming that these systematic effects have a
Gaussian distribution in the long term, we estimate addi-
tional variances �2

S;x, �
2
S;y from the distributions of the x

and y components. Thus we associate to each x and y
component a new variance �2

tot which is the sum of the
statistical variance from the fit procedure and of the addi-
tional variances �2

S;x and �2
S;y, and calculate weighted

averages of x and y for each orientation of the QWP.
Figure 4 shows both the weighted average vectors, 0 and
90, and the half-difference vector �, representing that part
of the signal changing sign under a QWP axis exchange.
The half-sum vector � is a systematic error. This analysis
suggests a physical origin for the rotation signal observed
in vacuum when the magnetic field is present (numerical
values for � and � are listed in Table II). From Table II we
find the following value for the amplitude of the measured
rotation in vacuum with B � 5 T (quoted with a 3� un-

a b

FIG. 3 (color online). Polar plot showing the distribution of
rotation data in vacuum with B � 5 T and (a) the QWP in the
90� position, and (b) the QWP in the 0� position. Each data point
corresponds to a single 100 s record. The statistical uncertainties
from the fit procedure are small (�10�12 rad=pass) and are
omitted for clarity. Solid lines represent the resulting average
vectors and the dotted line shows the physical axis.

PVLAS Run 000808_2 (vacuum) 
QWP axis 0  
field intensity 5.5 T 
avg. number of passes = 4.6 104 
acquisition time = 635.87 s
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FIG. 2 (color online). Typical Fourier amplitude spectra from
vacuum rotation data (P� 10�8 mbar) with and without mag-
netic field. Both spectra were taken with the magnet rotating.
Arrows and numbers below the curves indicate the expected
position of sidebands with frequency shifts that are integer
multiples of �m; the relevant signal peaks correspond to fre-
quency shifts of �2�m.
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Laser Experiments: History & Presence
Experiment Reference ∆θ ψ LSW

ALPS (DESY/D)
“Axion-Like Particle Search”

arXiv:0905.4159 8 8 4

BFRT
(BNL-Fermilab-Rochester-Trieste)

Phys.Rev.D47(1993) 4 4 4

BMV (LULI/F)
“Biréfringence Magnétique du Vide”

Phys.Rev.Lett.99 (2007)
Phys.Rev.D78 (2009) 8 8 4

GammeV (Fermilab/USA)
“Gamma to meV particle search”

Phys.Rev.Lett.100 (2008)
Phys.Rev.Lett.102 (2009) 8 8 4

LIPSS (Jefferson Lab/USA)
“LIght Pseudoscalar or Scalar particle Search”

Phys.Rev.Lett.101 (2008)
arXiv:0810.4189

8 8 4

OSQAR (CERN/CH)
“Optical Search for QED vacuum magnetic birefrin-

gence, Axions and photon Regeneration”

Phys.Rev.D78 (2008) 8 8 4

PVLAS (INFN/I)
“Polarizzazione del Vuoto con LASer”

Phys.Rev.Lett.96 (2006)
Erratum-ibid.99 (2007)
Phys.Rev.D77 (2008)

4 4 (4)

Q&A (Hsinchu/Taiwan)
“QED & Axion”

Mod.Phys.A22 (2007) 4 8 8

Axion-like particle (ALP) interpretation:
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Laser Experiments: History & Presence
Experiment Reference ∆θ ψ LSW

ALPS (DESY/D)
“Axion-Like Particle Search”

arXiv:0905.4159 8 8 4

BFRT
(BNL-Fermilab-Rochester-Trieste)

Phys.Rev.D47(1993) 4 4 4

BMV (LULI/F)
“Biréfringence Magnétique du Vide”

Phys.Rev.Lett.99 (2007)
Phys.Rev.D78 (2009) 8 8 4

GammeV (Fermilab/USA)
“Gamma to meV particle search”

Phys.Rev.Lett.100 (2008)
Phys.Rev.Lett.102 (2009) 8 8 4

LIPSS (Jefferson Lab/USA)
“LIght Pseudoscalar or Scalar particle Search”

Phys.Rev.Lett.101 (2008)
arXiv:0810.4189

8 8 4

OSQAR (CERN/CH)
“Optical Search for QED vacuum magnetic birefrin-

gence, Axions and photon Regeneration”

Phys.Rev.D78 (2008) 8 8 4

PVLAS (INFN/I)
“Polarizzazione del Vuoto con LASer”

Phys.Rev.Lett.96 (2006)
Erratum-ibid.99 (2007)
Phys.Rev.D77 (2008)

4 4 (4)

Q&A (Hsinchu/Taiwan)
“QED & Axion”

Mod.Phys.A22 (2007) 4 8 8

Axion-like particle (ALP) interpretation:

PVLAS’07, BMV, GammeV, and OSQAR
don’t confirm the PVLAS’06 signal!
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Laser Experiments: History & Presence
Experiment Reference ∆θ ψ LSW
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Weakly Interacting Sub-eV Particles

! !! !! !

Figure 2: Schematic picture of a “Light-shining-through-walls” experiment in absence of a
magnetic field. The crosses denote the non-diagonal mass terms that convert photons into
paraphotons. The photon ! oscillates into the paraphoton !! and, after the wall, back into the
photon ! which can then be detected.

3 Light shining through walls I: B=0

In the previous section, we have seen how a non-diagonal mass matrix contributes to
the e!ective charge of the hidden-sector fermion via a diagram that changes the photon
into a paraphoton (the second diagram of Fig. 1). This non-trivial propagation of the
photon can have interesting e!ects in itself. Since the paraphotons B̃ do not interact with
ordinary matter they can easily pass through a wall [9], giving rise to a process sketched
in Fig. 2. There, we see how a photon is converted into a paraphoton by the non-diagonal
mass term. Subsequently, the paraphoton passes through the wall and is then reconverted
into an ordinary photon that can be detected.

The photon conversion into (massive) paraphotons and back into photons very much
resembles neutrino oscillations. Similarly to neutrinos, the interaction eigenstates are not
equal to the propagation eigenstates.

In order to calculate the probability for an initial photon interaction eigenstate to
propagate through a wall via this process, we start with the equations of motion in our
tilde basis,

["21 + #2
z1! M̃]

!
A

B̃

"
=

#
("2 + #2

z )

!
1 0
0 1

"
! µ2

!
$2 !$
!$ 1

"$!
A

B̃

"
= 0. (3.1)

Here, we have suppressed the Lorentz structure. Both transverse polarization directions
have to fulfill the same equation. In the second part, we have specialized to the case of
only one massive paraphoton. Note that this case is completely equivalent to the case
with two paraphotons in the model of Ref. [34], because the mass matrix (2.15) is non-
vanishing only in the first two components and therefore the second paraphoton does not
mix with the photon (we will see in next section that this situation changes when photons
propagate in an external magnetic field).

6
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WISPs

• Standard Model may communicate with hidden sectors via renormalizable
operators, e.g.

Lχ = −1
2
χFµνXµν , Lκ = −κ|θ|2|φ|2 , Lλ = λθψ̄ψ , . . .

• Theoretical motivation:
Extra U(1)s and matter are ubiquitious in string and GUT extensions of the
Standard Model.

? Phenomenological approach:
Can there exist very light (m� eV) hidden sectors with extremely weak
interactions (χ� 1 and κ� 1)?

? Model-building approach:
Could these particles be responsible for experimental or observational data?

(Ü talks in session ‘Tentative Signals for WISPs’)
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Gauge Kinetic Mixing I

• Electro-magnetic U(1) may mix with a hidden U(1)X : [Holdom’86,Foot&He’91]

Lgauge = −1
4

FµνFµν − 1
4

XµνXµν − 1
2
χFµνXµν

• Gauge kinetic term can be diagonalized by a shift:

Xµ → Xµ − χAµ & e2 → e2

1− χ2

• Hidden sector matter with a U(1)X charge:

Dµ = ∂µ − iQXgXXµ → ∂µ − iQXgXXµ + iχQXgXAµ

Ü receives a small EM charge after the shift:

QEM,mixing = −χ
“gX

e

”
QX

Ü “mini-charged particles” (MCPs) if χ� 1 and (gX/e)QX . 1
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Gauge Kinetic Mixing I

• Kinetic mixing χ > 0 generically arises in field or sting theoretic setups
[Holdom’86,Dienes/Kolda/March-Russell’96,Foot&Kobakhidze’07]

[Lüst,Stieberger’03;Abel&Schofield’03;Berg,Haack,Körs’04]

• Two fermions with charges (1, 1) and (1,−1) and masses m and m′: [Holdom’86]

! !! χ ' egX

16π2 log
„

m′

m

«
' egX

16π2

∆m
m

• candidates of SM extensions cover a wide range [Dienes,Kolda,March-Russell’96]

χ ' C
egX

16π2

∆msplit

MPl
' gX C|{z}

10–100

(10−16| {z }
GMSB

– 10−4|{z}
GUT

)
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Mini-Charged Particles (MCPs)

scalar φε
Lsc = −|Dµϕε|2 − m2

ε|ϕε|2

Dµ = ∂µ − iεeAµ

Dirac spinor ψε
LDsp = ψε(iγµDµ − mε)ψε

Dµ = ∂µ − iεeAµ

parameters:

mass mε

Q-fraction ε

rotation

γ

ψǫ

ψǫ
2

ellipticity

γ

ψǫ

ψǫ

γ

“dark current”

ψǫ

ψǫ
2

Eext

• dressed MCP propagator in external magnetic field depend on field orientation
w.r.t. the polarization axis

• “light-shining-through-a-wall” only via hidden photon-photon oscillations

• “dark-current-through-a-wall” originating in strong electric fields
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Mini-Charged Particles (MCPs)
• Schwinger pair production of MCPs

reduce the quality factor Q of the cavity.

• TESLA accelerator cavities:
E0 = 25 MV/m with Lcav = 10 cm and
high quality factor: Q ∼ 1010

• AC/DC @ DESY:
MCPs produced in an accelerator cavity
(AC) and traversing a wall (/) can be
detected by their dark current (DC).

H. Gies, J. Jaeckel and A. Ringwald: Accelerator Cavities as a Probe . . . 3

Fig. 1 – Laboratory limits on the fractional electric charge ǫ ≡ Qǫ/e of a millicharged fermion of
mass mǫ. The “Orthopositronium” limit stems from a limit on the branching fraction of invisible
orthopositronium decay [38]. The green “BFRT” upper limits arise [4] from the upper limit on vacuum
magnetic dichroism and birefringence placed by the laser polarization experiment BFRT [1]. The red
(thin solid) line corresponds to the (too) naive bound obtained from Eq. (7) (E0 = 25 MV/m).
The solid red “Cavity (TESLA)” upper limit arises from the bound on the energy loss caused by
Schwinger pair production of millicharged particles in accelerator cavities developed for TESLA [24]
(E0 = 25 MV/m, Lcav = 10 cm, Qmin

MCP = 1010). The red dashed upper limit demonstrates the possible
bounds obtainable in the near future (E0 = 50 MV/m, Lcav = 10 cm, Qmin

MCP = 1012).

photons over the work of the field on a charge ǫe over the Compton wavelength of the fermion,

η =
ωmǫ

ǫeE0 =
ω

mǫ

Eǫ
c

E0 , (5)

playing the role of an adiabaticity parameter. Incidentally, a similar parameter exists for
spatial inhomogeneities [33, 35]. Our bounds will, in fact, satisfy the adiabatic condition,

η ≪ 1 ⇔ ǫ ≫ 1.4× 10−6
(mǫ

eV

)( ν

GHz

)(
50 MV/m

E0

)
. (6)

Let us start with an order-of-magnitude estimate of the sensitivity of accelerator cavities to
millicharged fermions. Assuming that significant pair production leads to measurable devia-
tions from the standard electrodynamical behaviour of the cavity, the non-observation of such
deviations implies an upper bound on ǫ as a function of mǫ. Using the observation that size-
able pair production sets in for E0/Eǫ

c ∼ 0.1− 0.25 [36,37], the equation E0/Eǫ
c = κ = O(0.25)

translates into

ǫ . 2.5× 10−2
(mǫ

eV

)2 ( κ

0.25

) (
50 MV/m

E0

)
. (7)

This rough estimate looks very promising. For mǫ . 1 meV, the sensitivity is better than
the one obtained from the observed laboratory limit on vacuum magnetic dichroism due to
pair production of millicharged fermions from laser photons in a static magnetic field [4] (cf.

[Gies/Jäckel/Ringwald ’06]
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Mini-Charged Particles (MCPs)
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Figure 2: Summary of cosmological and astrophysical constraints for hidden photons (up) (kinetic
mixing with photons ! vs. mass m!!) [44] and minicharged particles (down) (charge Q vd. mass
mMCP) [44]. See the text for details. For comparision, some laboratory limits are also shown.

6 Patras 2008

[Redondo’08]

• Stellar Evolution

• SN 1987A [Raffelt’96]
• Globular Cluster Stars[Raffelt’96]
• White Dwarves

[Dobroliubov&Ignatiev’90]

• Cosmological Bounds

• BBN [Davidson et al.’00]
• CMB [Melchiorri et al.’07]
• SN Dimming [Ahlers’09]

• Laboratory Searches

• Beam Dump [Prinz’98]
• Direct Search [Akers’95]
• Orthopositronium Decay

[Dobroliubov&Ignatiev’89]
[Badertscher et al. Õ06]

• Lamb Shift [Hagley&Pipkin’94]
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Gauge Kinetic Mixing II
• Electro-magnetic U(1) may mix with a hidden U(1)X : [Holdom’86,Foot&He’91]

Lgauge = −1
4

FµνFµν − 1
4

XµνXµν − 1
2
χFµνXµν +

1
2

m2
γ′XµXµ

• Hidden photon mass mγ′ may arise due to Higgs or Stückelberg mechanism.
[Stückelberg’38,Ogievetskii&Polubarinov’62]

[Antoniadis,Kiritsis,Rizos’02;Ghilencea et al.’02]

• diagonalization with Xµ → Xµ − χAµ and e2 → e2/(1− χ2):

Lgauge → −1
4

FµνFµν − 1
4

XµνXµν +
1
2

m2
γ′

 
Aµ

Xµ

!T 
χ2 −χ
−χ 1

! 
Aµ

Xµ

!

Ü hidden photon-photon oscillations without magnetic field

Pγ→γ′ = 4χ2 sin2

 
m2
γ′`

4ω

!
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Gauge Kinetic Mixing II

Ü Limits on the hidden sector mixing from LSW experiments via hidden
photon-photon oscillations

! !! !! !

Figure 2: Schematic picture of a “Light-shining-through-walls” experiment in absence of a
magnetic field. The crosses denote the non-diagonal mass terms that convert photons into
paraphotons. The photon ! oscillates into the paraphoton !! and, after the wall, back into the
photon ! which can then be detected.

3 Light shining through walls I: B=0

In the previous section, we have seen how a non-diagonal mass matrix contributes to
the e!ective charge of the hidden-sector fermion via a diagram that changes the photon
into a paraphoton (the second diagram of Fig. 1). This non-trivial propagation of the
photon can have interesting e!ects in itself. Since the paraphotons B̃ do not interact with
ordinary matter they can easily pass through a wall [9], giving rise to a process sketched
in Fig. 2. There, we see how a photon is converted into a paraphoton by the non-diagonal
mass term. Subsequently, the paraphoton passes through the wall and is then reconverted
into an ordinary photon that can be detected.

The photon conversion into (massive) paraphotons and back into photons very much
resembles neutrino oscillations. Similarly to neutrinos, the interaction eigenstates are not
equal to the propagation eigenstates.

In order to calculate the probability for an initial photon interaction eigenstate to
propagate through a wall via this process, we start with the equations of motion in our
tilde basis,

["21 + #2
z1! M̃]

!
A

B̃

"
=

#
("2 + #2

z )

!
1 0
0 1

"
! µ2

!
$2 !$
!$ 1

"$!
A

B̃

"
= 0. (3.1)

Here, we have suppressed the Lorentz structure. Both transverse polarization directions
have to fulfill the same equation. In the second part, we have specialized to the case of
only one massive paraphoton. Note that this case is completely equivalent to the case
with two paraphotons in the model of Ref. [34], because the mass matrix (2.15) is non-
vanishing only in the first two components and therefore the second paraphoton does not
mix with the photon (we will see in next section that this situation changes when photons
propagate in an external magnetic field).

6

Pγ→γ′ = 4χ2 sin2

 
m2
γ′`

4ω

!
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Gauge Kinetic Mixing II

Ü Limits on kinetic mixing with massive hidden photons.

– Shedding Light on the Hidden Sector – 21

• The rich phenomenology of hidden U(1)s:
[Bartlett,..‘88; Kumar,..‘06; Ahlers,..‘07; Jaeckel,..‘07; Redondo,..‘08;Postma,Redondo ‘08;Bjorken,Essig,Schuster,Toro‘09;...]
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A. Ringwald (DESY) Zeuthen, June 2009

[Redondo (unpublished)]
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Summary

• The dynamical solution of the strong CP problem predicts the axion, a
pseudo-Goldstone boson of the spontaneously broken Peccei-Quinn symmetry.

• Many direct and indirect signals of the axion from astrophysics, cosmology and
laboratory experiments.

• In general, low energy hidden sectors of ALPs and other WISPs have a rich
phenomenology.

• Many further ideas that I haven’t covered:

• ‘Enviromental’ WISPs
• Chameleons (Ü talk by P. Brax)
• Hidden Higgs
• Hidden Monopoles and Magnetic Mixing (Ü talk by F. Brümmer)
• . . .

Ü Thank you for your attention!

Markus Ahlers
July 13, 2009
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Appendix MCP Hidden Higgs Non-Newtonian Reactor Neutrino Orthopositronium MR Model Variation



MCPs in Laser Experiments
• In general, birefringence and dichroism show up in a (complex) refractive index:

∆N‖,⊥ = ∆n‖,⊥ +
i

2ω
κ‖,⊥

• Absorption coefficient κ and (real) refractive index 1 + ∆n can be inferred from
the Heisenberg-Euler effective action. [Adler ’71;Tsai&Erber’74]

• ellipticity:

ψ =
1
2

[Arg(A‖γ→γ)− Arg(A⊥γ→γ)] sin(2θ) ≈ 1
2
ωQ2

MCPe2(∆n‖ −∆n⊥)` sin(2θ)

• rotation:

∆θ =
1
2

(|A⊥γ→γ | − |A‖γ→γ |) sin(2θ)

≈
»

1
4

Q2
MCPe2(κ‖ − κ⊥)`+

1
4
χ2ω2[(g2

X∆n‖)2 − (g2
X∆n⊥)2]`2

–
sin(2θ)

• LSW via MCP loops in electro-magnetic fields:

Pγ→γ′ = χ2
»

1 + exp
„
−g2

Xκ`

χ2

«
− 2 exp

„
−g2

Xκ`

2χ2

«
cos
„

g2
X

∆nω`
χ2

«–
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Hidden Higgs Potential
• Hidden U(1) can be broken by a hidden-Higgs potential:

VHiggs = −µ2
θ|θ|2 + λθ|θ|4 〈θ〉 =

vθ√
2

=
1√
2

s
µ2
θ

λθ

• symmetric phase (vθ = 0): Higgs is scalar MCP with charge qθ = −χ (gX/e) qX .
• broken phase (vθ 6= 0): hidden photon mass term

Lmass =
v2
θ

2
q2

Xg2
XXµXµ

shift−−→ v2
θ

2
q2

Xg2
X(XµXµ − 2χXµAµ + χ2AµAµ)

• Higgs coupling to photons

Aµ

jµ
h jµ

h

−χgX

+
χm2

γ′

gX

Aµ

Xµ

∼ −χgX
q2

q2 −m2
γ′

=
{

0 for q2 = 0
−χgX for |q2| ≫ m2

γ′

Ü Hidden-Higgs acts like a scalar MCP for large photon virtualities.
Ü Strong astrophysical and cosmological bounds on MCPs translate into bounds on

the kinetic mixing parameter. [Melchiori et al.’07]
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Hidden-Higgs in External Magnetic Field

• hidden-Higgs in external magnetic field:

[∂µ − iqXgX(Xµ − χAµB)]2 θ + V ′(θ) = 0 with AB =
1
2

B× r =
1
2

(0,−zB, yB)

Ü Landau levels (n = 0, 1, 2, . . .):

ω2
n = −µ2

θ + p2
x + 2|eqθB|

„
n +

1
2

«
≥ −µ2

θ + |eqθB|

Ü broken hidden U(1)X : |qθeB| � µ2
θ

• massive γ′ with m2
γ′ ≈ q2

Xg2
Xv2
θ

• photon–hidden-photon oscillations:

Pγ→γ′ = 4χ2 sin2
„

m2
γ′ z
4ω

«
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Hidden-Higgs in External Magnetic Field

• hidden-Higgs in external magnetic field:

[∂µ − iqXgX(Xµ − χAµB)]2 θ + V ′(θ) = 0 with AB =
1
2

B× r =
1
2

(0,−zB, yB)

Ü Landau levels (n = 0, 1, 2, . . .):

ω2
n = −µ2

θ + p2
x + 2|eqθB|

„
n +

1
2

«
≥ −µ2

θ + |eqθB|

Ü unbroken hidden U(1)X : |qθeB| � µ2
θ

• would-be Higgs acts as a scalar MCP

• MCP induces a refractive index ∆n
and absorption coefficient κ
depending on polarization.

Pγ→γ′ = χ2
h
1 + e

− κz
χ2 − 2e

− κz
2χ2 cos

“
∆nωz
χ2

”i
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Higgs Portal Mixing
• most general gauge-invariant and renormalizable Higgs potential (λφ/θ > 0 and

4λφλθ > κ2):

VHiggs = −µ2
φ|φ|2 + λφ|φ|4| {z }

SM Higgs potential

−µ2
θ|θ|2 + λθ|θ|4| {z }

hidden-Higgs potential

+κ|φ|2|θ|2| {z }
“Portal term”

• symmetry breaking in unitary gauge:

θ → 1√
2

(vθ + θ) , φ→ 1√
2

(0, vφ + φ)

• Higgs mass matrix:

LHiggs mass = −1
2

( θ φ )

0@2λθv2
θ κvφvθ

κvφvθ 2λφv2
φ

1A0@ θ

φ

1A
• mass eigenstates, h and H, after rotation (ρ = vθ

vφ
� 1):

m2
H ≈ 2v2

φλφ , m2
h≈ m2

H sin2 α

„
4λθλφ
κ2 − 1

«
, sinα ≈ κρ

2λφ
.
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Non-Newtonian Forces
• Higgs–matter coupling with Higgs mixing:

mf

vφ
H → mf

vφ
(cosαH − sinα h)

• effective Higgs–nucleon coupling: [Gunion et al.’89]

L = −gHNN H ψNψN gHNN =
mN

vφ
2nH

3
`
11− 2

3 nL
´

nH = #(heavy quarks) / nL = #(light quarks)

Ü “Portal term” provides a non-Newtonian contribution
to the gravitational force.

V(r) ≈ G
m1m2

r
+

1
4π

g2
HNN sin2 α

n1n2

r
e−mhr

• Hidden-Higgs mass and mixing is related via:

m2
h ≈ m2

H sin2 α

„
4λθλφ
κ2 − 1

«
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Summary: Bounds on Kinetic Mixing
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(Regions labeled in italic are bounds that apply if the hidden-photon receives its
mass via a Higgs mechanism.)
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Non-Newtonian Forces

• non-Newtonian forces of scalar ALPs
from induced Yukawa couplings:

Lφpp = yp φ ψ̄p ψp yp ∼ 3
2
α

π
gmp ln

Λ

mp

V(r) = G
m1m2

r
+

y2
p

4π
n1n2

r
e−mφr

2

FIG. 2: (color online) 95% confidence constraints on couplings
of a boson of mass mc2 = 1 meV as a function of the charge
parameter ψ̃. Constraints for other values of m can be found
by using Fig. 1 to scale the couplings as a function of m.

YUKAWA INTERACTIONS FROM RADION
AND DILATON EXCHANGE.

In string theories, the geometry of spacetime is ex-
pected to be dynamical with the radii of new dimen-
sions fluctuating independently at each point in our 4-
dimensional spacetime. In an effective low-energy theory,
the volume of the extra dimensions must be stabilized
by radions, low-mass spin-0 fields with gravitational-
strength couplings that determine the radius of the n
“large” extra dimensions. Radion exchange will produce
a Yukawa force with a strength and range[2]

α =
n

n+ 2
(7)

λ ∼
√

h̄3

cGM4∗
≈ 2.4

[
1 TeV
M∗c2

]2

mm , (8)

where M∗ is the unification mass. In many cases the
radion-mediated force is the longest-range effect of new
dimensions[3] because it does not diminish as the number
of new dimensions increases. For n = 1 and n = 6 (α =
1/3 and α = 3/4), the data of Ref. [1] give

M∗(n = 1) ≥ 5.7 Tev/c2 (9)
M∗(n = 6) ≥ 6.4 Tev/c2 . (10)

String theories predict a scalar partner of the graviton,
the dilaton, whose mass is initially zero. Equivalence
Principle experiments have ruled out a massless dilaton.
Kaplan and Wise[4] evaluated the coupling of a low-mass
dilaton to strongly interacting matter and shown that its
coupling to matter should satisfy 1 ≤ α ≤ 1000. Figure 6

of Ref. [1] then sets a 95% confidence lower bound on the
dilaton mass of

mc2 ≥ 3.5 meV . (11)

IS THE PVLAS EFFECT EVIDENCE FOR NEW
PHYSICS?

Recently, the PVLAS collaboration[5] studied the
propagation of optical photons through a vacuum con-
taining a strong transverse B field. They reported an
optical rotation at least 104 times larger than the QED
prediction, and speculated that this was evidence for a
new spin-zero particle that, through a second-order pro-
cess, mixes with the photon in a magnetic field as shown
in Fig. 3. The apparent sign of the observed rotation
requires the new particle to be a scalar (as opposed to
pseudoscalar) boson[6], and the magnitude requires

1.0 meV ≤ mφc
2 ≤ 1.5 meV

1.7× 10−6 GeV−1 ≤ gφγγ ≤ 5× 10−6 GeV−1 .(12)

This φγγ vertex generates, by the second-order process
shown in Fig. 3, an effective scalar interaction between
two protons, which to leading order is estimated to be[7]

gp
S√

4πh̄c
∼ gφγγ

(α
π
mp

)
. (13)

Assuming that q̃p
S is large compared to q̃e

S and q̃n
S (i.e.

ψ̃ ≈ 0), our scalar constraints (Fig. 2 with ψ̃ = 0) place
the upper limit shown in Fig. 1; in particular

gφγγ
<∼ 1.6× 10−17 GeV−1 , (14)

which is inconsistent with Eq. 12 by a factor of ∼ 1011.
For mφc

2 ≤ 20 meV, the bound in Eq. 13 and Fig. 1
improves on the astrophysical constraint[8] by a factor up
to 108. (Both of these bounds would be relaxed in models
where the φγγ interaction has an additional low-energy
form factor.)

YUKAWA INTERACTIONS FROM
CHAMELEON EXCHANGE

Chameleons are scalar fields that couple to themselves
and to matter with gravitational strength[9]. Chameleon

p p

FIG. 3: Left: diagram of the process proposed to explain the
PVLAS result[5]. Right: diagram of a related process that
would give a signal in gravitational experiments. Wiggly and
dashed lines are photons and scalar bosons, respectively.

[Adelberger et al. ’06]

g . 4× 10−17 GeV−1

for mφ = 1 meV and Λ� mp
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Particle Physics Implications of a Recent Test of the Gravitational Inverse-Square Law

E.G. Adelberger, B.R. Heckel, S. Hoedl, C.D. Hoyle,∗ and D.J. Kapner†
Center for Experimental Nuclear Physics and Astrophysics,

Box 354290, University of Washington, Seattle, WA 98195-4290

A. Upadhye
Department of Physics, Princeton University, Princeton, NJ 08544

(Dated: February 7, 2007)

We use data from our recent search for violations of the gravitational inverse-square law to con-
strain dilaton, radion and chameleon exchange forces as well as arbitrary vector or scalar Yukawa
interactions. We test the interpretation of the PVLAS effect and a conjectured “fat graviton” sce-
nario and constrain the γ5 couplings of pseuodscalar bosons and arbitrary power-law interactions.

PACS numbers: 04.80.-y,95.36.+x,04.80.Cc,12.38.Qk

In a recent Letter[1], we reported a sensitive torsion-
balance search search for Yukawa violations of the grav-
itational inverse-square law (ISL) of the form

Vab(r) = −αGMaMb

r
exp(−r/λ) . (1)

However, space limitations prevented us from discussing
some implications of that result and constraining other
forms of possible breakdowns of the ISL. In this Letter
we use the data from Ref. [1] to obtain upper bounds on
several interesting exotic interactions.

YUKAWA INTERACTIONS FROM GENERIC
SCALAR OR VECTOR BOSON EXCHANGE

Exchange of scalar or vector bosons, φ, with mass m
between two non-relativisitic fermions generically pro-
duces a potential

Vab(r) = ∓g
a
S,V g

b
S,V

4πr
exp(−r/λ) , (2)

where the − and + signs refer to scalar and vector inter-
actions respectively, and λ = h̄/mc. For arbitrary vector
interactions between electrically neutral atoms with pro-
ton and neutron numbers Z and N , we have

gV = g0
V (Z cos ψ̃ +N sin ψ̃) , (3)

where

ψ̃ ≡ arctan
q̃n
V

q̃p
V + q̃e

V

(4)

ψ is an angle that, in principle, could have any value be-
tween −π/2 and π/2, and the q̃V ’s are vector “charges”.
Eqs. 3 and 4 can also be applied to scalar interactions,
even though they are not exact because scalar charges are
not conserved and binding energy can carry a charge.

Expressing Eq. 2 in terms of Eq. 1, we have

g0
ag

0
b

4π
= αGu2

([
q̃

µ

]
a

[
q̃

µ

]
b

)−1

, (5)

FIG. 1: (color online) 95% confidence constraints on scalar or
vector Yukawa interactions. Left vertical scale: vector inter-
actions coupled to B − L (i.e. ψ̃ = π/2); right vertical scale:
scalar φγγ couplings inferred as discussed below.

where µ = M/u with M and u being the atomic mass
and atomic mass unit respectively, and

[
q̃

µ

]
=

[
Z

µ

]
cos ψ̃ +

[
N

µ

]
sin ψ̃ . (6)

The molybdenum pendulum and attractor used in
Ref. [1] have [Z/µ] = 0.4378134 and [N/µ] = 0.5631686.
Figure 1 illustrates the upper limits implied by the results
of Ref. [1] on vector interactions coupled to B−L where
B and L are baryon and lepton numbers, respectively.
Figure 2 shows how the upper limits on g2

S,V depend on
the parameter ψ̃ that specifies the charge q̃.

[Adelberger et al. ’06]

mφ ∼ (1.0− 1.5) meV
g ∼ (1.7− 5.0)× 10−6 GeV−1
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MCP: Reactor Neutrino Experiments

• Gamma rays produced in nuclear power reactors may convert into ε+ε−

pairs.

• Experimental signature of ε− e− scattering is identical to magnetic ν̄ − e−

scattering!

• ⇒ Reactor experiments looking for the neutrino magnetic moment are
also sensitive to MCPs!

• The TEXONO experiment (Taiwan) probing µν̄e gives a bound on the
MCP fractional charge of ε < 10−5 for mε < 1 keV. [TEXONO Coll. ’03]

• May be improved in near future with massive liquid argon detectors.
[Gninenko/Krasnikov/Rubbia ’06]
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MCP: Invisible Orthopositronium Decay

• milli-charged particles contribute to
the branching ratio of invisible
orthopositronium (OP) decay

[Dobroliubov/Ignatiev ’89]

• Br(OP→ ψ+
ε ψ
−
ε ) ∼ 3πε2

4α(π2−9) ∼ 371ε2

[Dobroliubov/Ignatiev ’90]

• Br(OP→ invisible) . 4.2× 10−7

[Mitsui et al. ’93,Badertscher et al. ’06]

• future experiments (ETH-Zurich,
INR-Moscow, NNLN-Berkeley) may
reach a sensitivity of
Br(OP→ invisible) ∼ 10−9

[e.g. Rubbia ’06]

Milli-Charged Particles
3

case, the frequency uncertainty is ∆ω/ω ∼ 1/Nr, where
Nr is the number of reflections in the cavity.

At present, the most stringent bound on vacuum mag-
netic dichroism comes from the BFRT laser polarization
experiment [36]. A linearly polarized laser beam (ω =
2.41 eV) was sent along the magnetic field of two super-
conducting dipole magnets (B = 2 T), which were placed
in an optical cavity with Nr = 254 reflections, such that
the optical path length was ℓ = Nr × 8.8 m ≃ 2235 m.
An upper limit on the absolute value of the rotation,

|∆θ| < 6× 10−10 (95 % confidence level), (8)

was obtained. This can be turned into an upper limit on
ǫ, as a function of mǫ, by exploiting the predictions (1)-
(4) for ∆θ from photon-initiated pair production of mil-
licharged fermions in an external magnetic field. The re-
sulting limit is displayed in Fig. 1 and labelled as “BFRT
dichroism”. Clearly, for small masses, mǫ . 0.1 eV,
this represents currently the best laboratory limit on mil-
licharged fermions.

Let us now turn to birefringence. The propagation
speed of the laser photons is slightly changed in the mag-
netic field owing to the coupling to virtual charged pairs.
The corresponding refractive indices n‖,⊥ differ for the
two polarization modes, causing a phase difference be-
tween the two modes,

∆φ = ωℓ(n‖ − n⊥). (9)

This induces an ellipticity ψ of the outgoing beam,

|ψ| = ωℓ

2
|(n‖ − n⊥) sin(2θ)| for ψ ≪ 1. (10)

Virtual production can occur even below threshold
ω < 2mǫ. Therefore, we consider both high and low
frequencies. As long as (7b) is satisfied one has [42]

n‖,⊥ = 1− ǫ2α

4π

(
ǫ eB

m2
ǫ

)2

I‖,⊥(χ), (11)

with

I‖,⊥(χ) = 2
1
3

(
3
χ

) 4
3

∫ 1

0

dv

[(
1− v2

3

)
‖
,
(

1
2 + v2

6

)
⊥

]
(1 − v2)

1
3

×ẽ′0
[
−

(
6
χ

1
1−v2

) 2
3

]
(12)

=

 − 1
45

[
(14)‖, (8)⊥

]
for χ≪ 1

9
7

π
1
2 2

1
3 (Γ(( 2

3 ))
2

Γ( 1
6 )

χ−4/3
[
(3)‖, (2)⊥

]
for χ≫ 1

.

Here, ẽ0 is the generalized Airy function,

ẽ0(t) =
∫ ∞

0

dx sin
(
tx− x3

3

)
, (13)

FIG. 2: Laboratory-based upper limits on the fractional elec-
tric charge ǫ = Qǫ/e of a hypothetical millicharged fermion of
mass mǫ (same as in Fig. 1). The parameter values between
the two lines labelled “PVLAS dichroism” correspond to the
preferred 95 % confidence region if the PVLAS rotation is in-
terpreted as orginating from pair production of millicharged
fermions. The dashed limit labelled “Orthopositronium (fu-
ture)” corresponds to the projected 95% exclusion limit ob-
tainable through a search for invisible orthopositronium de-
cay with a sensitivity of 10−9 in the corresponding branching
ratio.

and ẽ′0(t) = dẽ0(t)/dt. Using the parameters for the
BFRT birefringence measurement, ω = 2.41 eV, B =
2 T, Nr = 34, and ℓ = Nr × 8.8 m, their upper limit on
the ellipticity,

|ψ| < 2× 10−9 (95% confidence level), (14)

leads to the limit depicted in Fig. 1, which is the currently
best laboratory limit in the range 0.1 eV . mǫ . 3 eV.
Let us finally remark that all our limits remain valid for
mǫ & 10−2 eV, even if we impose the more strict valid-
ity constraint ǫeB/m2

ǫ ≪ 1 for Eqs. (4) and (12). For
a check of the quantitative convergence of the underly-
ing expansion for mǫ . 10−2 eV, a next-to-leading order
calculation may ultimately be needed.

Recently, the PVLAS collaboration reported the ob-
servation of an optical rotation generated in vacuum by
a magnetic field [37],

|∆θ|/Nr = (3.9± 0.5)× 10−12. (15)

The experimental parameters in their setup were ω =
1.17 eV, B = 5 T, Nr = 4.4× 104, and ℓ = Nr × 1 m. If
interpreted in terms of pair production of millicharged
fermions, we obtain the preferred 95% confidence re-
gion lying between the two black lines labelled “PVLAS
dichroism” in Fig. 2. Apparently, at two standard devia-
tions, this is in conflict with the limit from BFRT. Never-
theless, the PVLAS result is very close to the boundary

[Gies/Jäckel/Ringwald ’06]
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Evading Astrophysical Bounds: Examples

Solution: environment-dependent axion couplings and milli-charges?

• hidden sector particles may pick up a fractional charge by gauge kinetic mixing
[Holdom ’86]

• e.g. paraphoton models U(1)3 with gauge kinetic mixing [Massó/Redondo ’06]

L = − 1
4 FTKF F + 1

2 ATM2
A A + e

P
i jiAi

with KF =

0@ 1 ε ε
ε 1 0
ε 0 1

1A
andM2

A = Diag {m2
γ , µ

2, 0}

“hidden” fermions f with charge (0, 1,−1)

2

Here α = e2/4π, and the charge of the fermion f is eqf .
The value of the mass-scale v depends on the φf̄f vertex.
If φ is a pseudoscalar vPS = mf/gPS while if is scalar
vS = f(mf , mφ) not far from vS ∼ mf ∼ mφ if mf ∼ mφ.
Finally if φ is a Goldstone boson vGB is related to the
scale of breaking of the related global symmetry.

From (7) we see that M , the high energy scale (4), is
connected to v. As we need v to be a low energy scale,
qf should be quite small.

Paraphoton models [13] naturally incorporate small
charges. These models are QED extensions with extra
U(1) gauge bosons. A small mixing among the kinetic
terms of the gauge bosons leads to the exciting possibil-
ity that paracharged exotic particles end up with a small
induced electric charge [13].

Getting a small charge for f is not enough for our pur-
pose since we need also production suppression of exotic
particles in stellar plasmas. With this objective, we will
present a model containing two paraphotons; if we allow
for one of the paraphotons to have a mass, we will see we
can evade the astrophysical constraints and consequently
the model will be able to accommodate all experimental
results. We describe it in what follows.

II. A MODEL WITH TWO PARAPHOTONS

Let us start with the photon part of the QED la-
grangian,

L0 = −1
4
Fµν

0 F0µν + e j0µAµ
0 (8)

where j0µ is the electromagnetic current involving elec-
trons, etc., j0µ ∼ ēγµe + .... From the U0(1) gauge sym-
metry group, we give the step of assuming U0(1)×U1(1)×
U2(1) as the gauge symmetry group, with the correspond-
ing gauge fields A0, A1, and A2. With all generality there
will be off-diagonal kinetic terms in the lagrangian, like
ǫ01 F0F1 and ǫ02F0F2 (Lorenz index contraction is un-
derstood). We expect these mixings to be small if we
follow the idea in [13] that ultramassive particles with
0,1,2 charges running in loops are the responsibles for
them. We will assume that these heavy particles are de-
generate in mass and have identical 1 and 2 charges so
that they induce identical mixings ǫ01 = ǫ02 ≡ ǫ.

To write the complete lagrangian we use the matrix
notation A ≡ (A0, A1, A2)T and F ≡ (F0, F1, F2)T ,

L = −1
4

FTMF F +
1
2

ATMA A + e
∑

i

jiAi (9)

γ

γ

f

φ

FIG. 1: Triangle diagram for the φγγ vertex.

We call A0, A1, and A2 interaction fields because the in-
teraction term in (9) is diagonal, i.e. the interaction pho-
ton is defined to couple directly only to standard model
particles. Here the kinetic matrix contains the mixings,

MF =

 1 ǫ ǫ
ǫ 1 0
ǫ 0 1

 (10)

In general the diagonal terms are renormalized, 1→ 1+δ,
and there are terms MF12. However, they do not play
any relevant role here and we omit them.

As said, we need one of the paraphotons to be mas-
sive but it will prove convenient to work with a general
MA = Diag {m2

0, m
2
1, m

2
2}. Also, in the last term of (9)

we see the currents j1 and j2 containing the paracharged
exotic particles. To reduce the number of parameters we
have set the unit paracharge equal to the unit of electric
charge, so that there is a common factor e.

Diagonalization involves first a non-unitary reabsorp-
tion of the ǫ terms in (10) to have the kinetic part in
the lagrangian in the canonical form, (−1/4)FT F . Af-
ter this, we diagonalize the mass matrix with a unitary
transformation that maintains the kinetic part canonical
ending up with the propagating field basis Ã. We have
A = UÃ, with

U =


1 ǫ

m2
1

m2
0−m2

1
ǫ

m2
2

m2
0−m2

2

ǫ
m2

0
m2

1−m2
0

1 0

ǫ
m2

0
m2

2−m2
0

0 1

 (11)

We see that the interacting and the propagating photon
differ by little admixtures of O(ǫ). (We work at first order
in ǫ).

We have developed a quite general two paraphoton
model. The specific model we adopt has the following
characteristics. First, only one paraphoton has a mass,
say m1 ≡ µ 6= 0, and m2 = 0. Second, in order to get
the effects we desire we have to assign opposite 1 and 2
paracharges to f , so that the interaction for f appearing
in the last term of (9) is

e f̄γµf (Aµ
1 −Aµ

2 ) (12)

Let us show why we choose these properties. The cou-
pling of f to photons in the interaction basis is shown in
Fig.(2). It proceeds through both paraphotons, with a

γ γ γ̃

γ1 γ2

ǫ ǫ+ =

ff f
e −e eǫ µ2

q2−µ2

FIG. 2: Diagrams of the interaction of f with photons.

induced electric charge:

qf (k2 ' ω2
P) ' µ2

ω2
P

qf (k2 ' 0)

typical plasma frequencies in stellar environments: ωP = O(keV)
⇒ Astrophysical bounds apply for MCPs with ε× (µ/ωP)2 � ε for µ� ΩP.
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Evading Astrophysical Bounds: Examples

Solution: environment-dependent axion couplings and milli-charges?

• hidden sector particles may pick up a fractional charge by gauge kinetic mixing
[Holdom ’86]

• e.g. paraphoton models U(1)3 with gauge kinetic mixing [Massó/Redondo ’06]

L = − 1
4 FTKF F + 1

2 ATM2
A A + e

P
i jiAi

with KF =

0@ 1 ε ε
ε 1 0
ε 0 1

1A
andM2

A = Diag {m2
γ , µ

2, 0}

“hidden” fermions f with charge (0, 1,−1)

non-minimal model: ∆L = yf φf̄ f
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Here α = e2/4π, and the charge of the fermion f is eqf .
The value of the mass-scale v depends on the φf̄f vertex.
If φ is a pseudoscalar vPS = mf/gPS while if is scalar
vS = f(mf , mφ) not far from vS ∼ mf ∼ mφ if mf ∼ mφ.
Finally if φ is a Goldstone boson vGB is related to the
scale of breaking of the related global symmetry.

From (7) we see that M , the high energy scale (4), is
connected to v. As we need v to be a low energy scale,
qf should be quite small.

Paraphoton models [13] naturally incorporate small
charges. These models are QED extensions with extra
U(1) gauge bosons. A small mixing among the kinetic
terms of the gauge bosons leads to the exciting possibil-
ity that paracharged exotic particles end up with a small
induced electric charge [13].

Getting a small charge for f is not enough for our pur-
pose since we need also production suppression of exotic
particles in stellar plasmas. With this objective, we will
present a model containing two paraphotons; if we allow
for one of the paraphotons to have a mass, we will see we
can evade the astrophysical constraints and consequently
the model will be able to accommodate all experimental
results. We describe it in what follows.

II. A MODEL WITH TWO PARAPHOTONS

Let us start with the photon part of the QED la-
grangian,

L0 = −1
4
Fµν

0 F0µν + e j0µAµ
0 (8)

where j0µ is the electromagnetic current involving elec-
trons, etc., j0µ ∼ ēγµe + .... From the U0(1) gauge sym-
metry group, we give the step of assuming U0(1)×U1(1)×
U2(1) as the gauge symmetry group, with the correspond-
ing gauge fields A0, A1, and A2. With all generality there
will be off-diagonal kinetic terms in the lagrangian, like
ǫ01 F0F1 and ǫ02F0F2 (Lorenz index contraction is un-
derstood). We expect these mixings to be small if we
follow the idea in [13] that ultramassive particles with
0,1,2 charges running in loops are the responsibles for
them. We will assume that these heavy particles are de-
generate in mass and have identical 1 and 2 charges so
that they induce identical mixings ǫ01 = ǫ02 ≡ ǫ.

To write the complete lagrangian we use the matrix
notation A ≡ (A0, A1, A2)T and F ≡ (F0, F1, F2)T ,

L = −1
4

FTMF F +
1
2

ATMA A + e
∑

i

jiAi (9)

γ

γ

f

φ

FIG. 1: Triangle diagram for the φγγ vertex.

We call A0, A1, and A2 interaction fields because the in-
teraction term in (9) is diagonal, i.e. the interaction pho-
ton is defined to couple directly only to standard model
particles. Here the kinetic matrix contains the mixings,

MF =

 1 ǫ ǫ
ǫ 1 0
ǫ 0 1

 (10)

In general the diagonal terms are renormalized, 1→ 1+δ,
and there are terms MF12. However, they do not play
any relevant role here and we omit them.

As said, we need one of the paraphotons to be mas-
sive but it will prove convenient to work with a general
MA = Diag {m2

0, m
2
1, m

2
2}. Also, in the last term of (9)

we see the currents j1 and j2 containing the paracharged
exotic particles. To reduce the number of parameters we
have set the unit paracharge equal to the unit of electric
charge, so that there is a common factor e.

Diagonalization involves first a non-unitary reabsorp-
tion of the ǫ terms in (10) to have the kinetic part in
the lagrangian in the canonical form, (−1/4)FT F . Af-
ter this, we diagonalize the mass matrix with a unitary
transformation that maintains the kinetic part canonical
ending up with the propagating field basis Ã. We have
A = UÃ, with

U =


1 ǫ

m2
1

m2
0−m2

1
ǫ

m2
2

m2
0−m2

2

ǫ
m2

0
m2

1−m2
0
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0
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0
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 (11)

We see that the interacting and the propagating photon
differ by little admixtures of O(ǫ). (We work at first order
in ǫ).

We have developed a quite general two paraphoton
model. The specific model we adopt has the following
characteristics. First, only one paraphoton has a mass,
say m1 ≡ µ 6= 0, and m2 = 0. Second, in order to get
the effects we desire we have to assign opposite 1 and 2
paracharges to f , so that the interaction for f appearing
in the last term of (9) is

e f̄γµf (Aµ
1 −Aµ

2 ) (12)

Let us show why we choose these properties. The cou-
pling of f to photons in the interaction basis is shown in
Fig.(2). It proceeds through both paraphotons, with a

γ γ γ̃

γ1 γ2

ǫ ǫ+ =

ff f
e −e eǫ µ2

q2−µ2

FIG. 2: Diagrams of the interaction of f with photons.
g ∼ α

2π
ε2(q2)

yf

mf

⇒ Astrophysical bounds on ALPs may be evaded as well! [Massó et al. ’06]
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ALP vs. MCP: Parameter Variation

Scenarios may be further distinguished in future polarization experiments
with variations in magnetic field B and cavity length L

e.g. Q&A (Taiwan), BMV (Toulouse), laser background experiments (Jena), . . .

∆θ > 0

(θ = π/4)

∆θ < 0

(θ = π/4)

ψ > 0

(θ = π/4)

ALP 0−

or
MCP 1

2
(large mε )

MCP 1
2

(small mε )

ψ < 0

(θ = π/4)
MCP 0
(small mε )

ALP 0+

or
MCP 0
(large mε )

7

FIG. 2: Dependence of the rotation and ellipticity signals on the strength of the magnetic field B, the wavelength λ of the laser,
and the length L of the magnetic region inside the cavity. For ALPs (dark green) and MCPs (light red). The crossing of the
blue dotted lines corresponds to the PVLAS published rotation and preliminary ellipticity signal for B = 5 T, λ = 1064 nm,
and L = 1 m.

The corresponding experimental findings are summarized
in Tables II, III, and IV, respectively.

In the following we combine these results in a simple
statistical analysis. For simplicity, we assume that the
likelihood function Li of the rotation, the ellipticity and
the photon regeneration rate follows a Gaussian distribu-
tion in each measurement i with mean value and standard
deviation as indicated in Tables II-IV. In the case of the
BFRT upper limits, we approximate the likelihood func-
tions by4 L ∝ exp((ψ − ψhypo)2/(2ψ2

noise)). Taking these
inputs as statistically independent values we can estimate
the combined log-likelihood function as lnL ≈ ∑i lnLi

[66]. With these assumptions the method of maximum
likelihood is equivalent to the method of least squares
with χ2 = const− 2

∑
i lnLi. A more sophisticated sta-

tistical analysis is beyond the scope of this work and re-
quires detailed knowledge of the data analysis.

4 We set the negative photon regeneration rate (Tab. II) at BFRT
for θ = 0 equal to zero.

A. ALP hypothesis

Figure 3 shows the results of a fit based on the pseu-
doscalar (left panels) or scalar (right panels) ALP hy-
pothesis. The BFRT upper limits5 are shown by blue-
shaded regions. The Q&A upper rotation limit is de-
picted as a gray-shaded region, but this limit exerts lit-
tle influence on the global fit in the ALP scenario. The
PVLAS results are displayed as green bands according
to the 5σ confidence level (C.L.) with dark green corre-
sponding to published data and light green corresponding
to preliminary results. The resulting allowed parame-
ter regions at 5σ CL are depicted as red-filled islands or
bands.

Both upper panels show the result from all published
data of all three experiments. Here, the results for scalar

5 As far as photon regeneration at BFRT is concerned, their pho-
ton detection efficiency η was approximately 5.5%. Their laser
spectrum with average power 〈P 〉 ≈ 3 W and average photon
flux Ṅ0 = 〈P 〉/ω was dominated by the spectral lines 488 nm
and 514.5 nm. We took an average value of 500 nm in our fitting
procedure.

[Ahlers/Gies/Jäckel/Ringwald ’06]
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