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= modified light propagation: “QV ~ medium”  (pviasemv.asn)
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The Quantum Vacuum
A view on the quantum vacuum

From QED to nonlinear ED

From QED to nonlinear ED.

Observation: the electron is
@ m~511keV~9.-103 kg
@ m~76-10""GHz ~ 6 - 10° Kelvin
@ m*~1.3-10%Tesla ~ 4-10'" Volt/m

Critical field strengths:

m?

2
B, — ’% ~43:10°Tesla,  Eo = -~ 1.3- 10" Voim
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The Quantum Vacuum
A view on the quantum vacuum

From QED to nonlinear ED

From QED to nonlinear ED.

> mass scale m divides quantum fluctuations in
hard |p?| > m? soft |p?| < m?

(photons and electrons) (only photons =EM fields)

Physics of the fields:

average over [ integrate out hard modes

— Heisenberg-Euler effective action '

Holger Gies New Physics below the Standard Model?



The Quantum Vacuum

A view on the quantum vacuum
From QED to nonlinear ED

Heisenberg-Euler effective action.

(EULER, KOCKEL'35; HEISENBERG, EULER'36;WEISSKOPF'36; SCHWINGER'51; RITUS'76)

Conventions: 7 = 1F,, F» = 1(B? — E?), G=1F, F"=_-B.E
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The Quantum Vacuum
A view on the quantum vacuum

From QED to nonlinear ED

Heisenberg-Euler effective action.

(EULER, KOCKEL'35; HEISENBERG, EULER'36;WEISSKOPF'36; SCHWINGER'51; RITUS'76)

> weak-field expansion

8 a2 , 1402 , 6
[ - /{ SF PR O(F®) }

- + rd )

Conventions: 7 = 1F,, F» = 1(B? — E?), G=1F, F"=_-B.E
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The Quantum Vacuum _
n the quantum vacuum

From QED to nonlinear ED

Why is it interesting ... ?

(KINOSHITA'96; JENTSCHURA ET AL.'02-05)

@ “...exploring some issues of fundamental physics that have
eluded man’s probing so far” (TAsmn'01)

@ QFT: high energy (momentum) VS. high amplitude

@ “new physics” discovery potential: hypothetical NG bosons
(axion, majoron, familon, etc.)
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The Quantum Vacuum
n the quantum vacuum

ED to nonlinear ED

Light Propagation in a = field.

> quantum Maxwell equation

8 o? 14 o2
—_ Frv _ nv Frv
0=0, ( 2—45— FF 274579 )
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The Quantum Vacuum

n the quantum vacuum
From QED to nonlinear ED

Light Propagation in a = field.

> quantum Maxwell equation for a “light probe” f*~

8 o 14 0? - -
— v _ 77,:” Frv faﬁ . 77/_-” Frv af
0= a5 o O a5 e Ot
Phase and group velocity My
14 sz 2 . 2
8 o? 5 . o (ToLu54)
VJ— = 1 - EW B sin 98 (BAIER,BREITENLOHNER'67;NAROZHNIY'69)

(BIALYNICKA-BIRULA, BIALYNICKI-BIRULA'70)

= magnetized quantum vacuum induces birefringence
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The Quantum Vacuum

n the quantum vacuum
ED to nonlinear ED

Light Propagation in a = field.

> quantum Maxwell equation for a “light probe” f*~

8 a 14 a2
v _ ” Frv faﬁ T ” F/U/ faﬁ
0= a5 e oo O 25 i o0F 0
Phase and group velocity My

14 sz o . 2
VH - - Ej B<sin 03

8 a? 5 . o (ToLU54)
VJ‘ 1 Ej B sin 98 (BAIER,BREITENLOHNER'67;NAROZHNIY'69)

(BIALYNICKA-BIRULA, BIALYNICKI-BIRULA'70)

= magnetized quantum vacuum induces birefringence

> detection sSchemes: (pvias, Buv, Qsa, Hemze 7 AL/06, DIPIAZZA, HATSAGORTS VAN, KEITELOB)
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The Quantum Vacuum

Light Propagation in a

> observable:

N

field.

birefringence induces ellipticity

A A

NN

4

B

NN

ellipticity phase shift: A¢p =27 £ Av, Ay(5.5T) ~ 10722

Holger Gies
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The Quantum Vacuum

A view on the quantum vacuum

From QED to nonlinear ED

Light Propagation in a = field.

> absorption: in QED only above threshold w > 2m

]
K =——ImMy
w

[-mode

K/Iw
absorption = dicroism

10 100 1000 (TSAI&ERBER'74,DITTRICH&HG’00)
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The Quantum Vacuum
n the quantum vacuum

ED to nonlinear ED

Light Propagation in a = field.

> observable: dicroism induces rotation

B

rotation: e ~ AxL
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al Setup & Results
The PVLAS Experiment e del) Explanations?

PVLAS Detection Method.

" M;  interaction region M, i

A, I—I A ﬂ - -i detection
1
1

P
I . 8-
1 I—I ‘B U A : f photodiode
selected
linear small "elliptical

polarisation elliptical component"
polar. siviall Position
S Sensitive
elliptical Diode
polar.
+
carrier
ell. pol.
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Experimental Setup & Results
The PVLAS Experiment Siel Aodel) Explanations?

PVLAS Design.
.l«——gg detection
Tphutodiode
analyser
‘ Jelipticity modulator

i &—J:—*J Qwre

FP cavity mirror

@ magnet: 6T, 4.2K, 1m

@ magnet rotation: ~ 0.3Hz

=~ | —®8 field

@ laser: A = 1064nm

= L_! turntable
s’ @ cavity: high-finesse (N ~ 10°)

FP cavity mirror

J’ Fabry-Perot, — L ~ 60km
polariser

beam splitter
frequency-locked X
Nd:YAG laser feedback

photodiode
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Experimental Setup & Results
The PVLAS Experiment Standard(-Model) Explanations?
ALP model

PVLAS @ LNL.

Holger Gies New Physics below the Standard Model?




The PVLAS Experiment

PVLAS Calibration.

> Cotton-Mouton effect with
residual gas
(“classical physics”)

> Fourier analysis of signal

> physical signal at

Wsignal = 2WMagnet

Ellitticita

Holger Gies

10*

10°

10°*

10°

Experimental Setup & Results
el) Explanations?

RUN 648, 20 mbar di Neon

B=46T,F=55000

Signal

/

del
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Experimental Setup & Results
The PVLAS Experiment Sta odel) Explanations?

Vacuum Birefringence?

DatiinvuotoconB=55T
Ellitticita normalizzate a t = 630 us

> observed signal

AVep =3.4-10718

at B=5.5T

Ellitticita [Yad|

| WMLWM g

AVexp
Avgep

~28-10*

107 — Run 485 - Nov. 2002
Run 569 - Dic. 2002
Run 598 - Mag, 2003

18 185 19 195 2 205 21 215 22
Frequenza [unita di freq. di rot. del magnete]

(CANTATORE@IDM2004)
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Experimental Setup & Results
The PVLAS Experiment Sta d(-Model) Explanations?
ALP model

Vacuum Birefringence?

DatiinvuotoconB=55T
Ellitticita normalizzate a t = 630 us

> observed signal

AVep =3.4-10718

at B=5.5T

Ellitticita [Yad|

ww%%m il

Ay,
ex
Ky ~2.8,10°
VQED 107 ——— Run 485 - Nov. 2002
Run 569 - Dic. 2002
Run 508 - Mag. 2003
10"

18 185 19 195 2 205 21 215 22
Frequenza [unita di freq. di rot. del magnete]

(CANTATORE@IDM2004)
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The PVLAS Experiment

Experimental Setup & Results
Standard(-Model) Explanz &Y
ALP model

Vacuum Birefringence?

BUT:

@ almost everything is
birefringent

@ variable birefringence
from small beam
movements

Ellitticita [Yad|
(normalizzata a t =630 ys)

Holger Gies

DatiinvuotoconB=55T
Ellitticita normalizzate a t = 630 us

| WMLWM g

10°
107 — Run 485 - Nov. 2002
Run 569 - Dic. 2002
Run 508 - Mag. 2003
0t

18 185 19 195 2 205 21 215 22
Frequenza [unita di freq. di rot. del magnete]

(CANTATORE@IDM2004)
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Experimental Setup & Results
The PVLAS Experiment Standa Aodel) Explanations?

Vacuum Rotation.

107 PVLAS run 903
5 QWP axis 0
10 7] Field intensity 0 T
1 0-6 . Average number of passes = 4.2-104
Acquisition time = 650 s

signal amplitude [Volt]

1

T I T | T ]
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Multiple of magnet rotation frequency

(CANTATORE@CERN-AXION-TRAINING2005)
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The PVLAS Experiment

Vacuum Rotation.

B=5.5T

signal amplitude [Volt]

PVLAS run 808
QWP axis

5 Field intensity 5.5 T
10 Average number of passes = 4.6-10¢
10" Acquisition time = 640 s
10"

-5
10
10°

-10
10

T T T 1
0.0 0.5 1.0 155 W 2.5 3.0
Multiple of magnet rotation frequency

(CANTATORE@ CERN-AXION-TRAINING2005)

observed rotation ~ 2.0 +0.3-10"7 rad

(ZAVATTINI ET AL., HEP-EX/0507107, PRL06)
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Expenmenta\ Setup & Results
The PVLAS Experiment 1) Explanations
ALPVH.!»

Vacuum Rotation.

PVLAS Run 000803 12 {vacuum)
_sp- @) QWP axis 0"

field intensity 0 T

avg. number of passes = 4.2:10"
=8 B - 0 | acquisition time = 649.77 s

psd (dBY¥rms)

L

rir?-.*&‘-fﬁ\w‘ﬁ%‘w;r‘ﬂw'ﬁ#*

Ly i HWWW i e {ﬁtl‘ |ff"ﬁmm;

+

_iggh —F - —f —J —z - a 1

(ZAVATTINI ET AL., HEP-EX/0507107, PRL06)

PVLAS Run 000808_2 (vacuum)
‘ QWP axis 0

field intensity 5.5 T

avg. number of passes = 4.6-10%

acquisition time = 635.87 s

rotation
(1.2 £0.1)-10° ’rad\ans-»

et & W*"* ’”‘M

-160

psd (dBVims)
£ :

504.5 505 505.5 506 506.5 507 507. 508
Frequency (Hz)
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al Setup & Results
The PVLAS Experiment Sta Jel) Explanations?

Vacuum Rotation.

PVLAS run 808
W

signal amplitude [Volt]

> experimental facts: IR AL

@ observed rotation ~ 2.0 +0.3- 107 rad
@ selective absorption of photons with

e|B

@ SNR ~ 5-10 within seconds

(ZAVATTINI ET AL., HEP-EX/0507107, PRL'06)
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© The PVLAS Experiment
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Experimental Setup & Results
The PVLAS Experiment Standard(-Model) Explanations?
ALP model

Modified Light Propagation?

Light cone condition, polarization sum rule

K? = Q(T")K.k,

<TOO>EM _ %(EZ—I—BZ)
2
Y
5 < Too>heat bath = 17 T4
22 «
Q = —— 2 1
45 m* <TOO>Casimir = _%y

(LATORRE,PASCUAL, TARRACH'95; SHORE'96; DITTRICH, HG'98)
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Experimental Setup & Results
The PVLAS Experiment Standard(-Model) Explanations?
ALP model

Modified Light Propagation?

Light cone condition, polarization sum rule

k% = Q(T")k,k,

(T%em = 3(E*+B°)
2

/ ;
heat bath = ;T* T4
O,
Casy 720

(LATORRE,PASCUAL, TARRACH'95; SHORE'96; DITTRICH, HG'98)
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Experimental Setup & Results
The PVLAS Experiment Standard(-Model) Explanations?
ALP model

Photon Splitting?

(ADLER'71)

oo ’\A/\N\AW
N

0.1em~" (25)°sin® 05 (2)°, B < By

m2

KL=+ ~ 5
0.5cm~"! S|n6 HB (%) 5 B > Bcr

> PVLAS mean free path 1/x ~~ 3 - 10% x SoU
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Experimental Setup & Results
The PVLAS Experiment Standard(-Model) Explanations?
ALP model

Photon Splitting?

(ADLER'71)

9 << BCI’

0.50m—" sin° 0 (& > B

> PVLAS mean free path 1/x ~~ 3 - 10% x SoU
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Experim
The PVLAS Experiment Standard el) Explanations?
ALP model

Neutrino Production?

(HG&SHAISULTANOV'00)

> effective photon-neutrino interactions y

> v pair emission in EM fields:
et

ED: 7 o e is very “heavy”
Q e~ = SLAC E-144

*

. & )
neutrinos: /*’W _ benefits from m, < m
9 %

v= my\? ( wo \? (Eo - Bo)® m, 2\ ? . 3
H#vv =511 (1eV> (@) B L~ i B(wo — m,,) cmds

Holger Gies New Physics below the Standard Model?



al Setup & Results
The PVLAS Experiment Model) Explanations?
ALP model

Neutrino Production?

(HG&SHAISULTANOV'00)

> effective photon-neutrino interactions y

> v pair emission in EM fields:
Y Ak e e is very “heavy”
/g U/ <@— — SLAC E-144
@ Its gt m,, <Km

. ‘wo \? (Eo - Bo) m;, B o
#vr =511 (leV> (leV) Bl ( w03 o m”)cms

neutrinos: A/*’W'

Holger Gies New Physics below the Standard Model?



The PVLAS Experiment Si ard
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@ The PVLAS Experiment

@ ALP model

Holger Gies New Physics below the Standard Model?



The PVLAS Experiment
ALP model

ALP model.

o> selective absorption of photons with e||B

— effective interaction:

Lap = something x E-B

Holger Gies New Physics below the Standard Model?



The PVLAS Experiment
ALP model

ALP model.

o> selective absorption of photons with e||B

— effective interaction:

1 -
Lap = g¢E B = _Zg¢FAWFWJ

Holger Gies New Physics below the Standard Model?



The PVLAS Experiment
ALP model

ALP model.

o> selective absorption of photons with e||B
= effective interaction:

1 1
Lap=9¢E-B~— 5(8,@)2 - §m¢¢2

= 2 parameters: my, g = 4;

Holger Gies New Physics below the Standard Model?



The PVLAS Experiment
ALP model

ALP model.

o> selective absorption of photons with e||B
— effective interaction:

1 1
Lap=99E-B-— 5(@(;5)2 - §m¢¢2

= 2 parameters: my, g = 4;

@ pseudoscalar particle ¢

@ weakly coupled to
matter

@ can be light
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The PVLAS Experiment
ALP model

ALP model.

o> selective absorption of photons with e||B
— effective interaction:
1 1
Lap=g¢E-B— 5(@(;5)2 - §m¢¢2
= 2 parameters: my, g = 4;
~ NG boson of “axial” SB?

@ pseudoscalar particle ¢ natural candidate: Axion

@ weakly coupled to = (breaking of U(1)pq, “strong-CP
matter problem”, QCD axion: g ~ 1)

@ can be light

AXion'Like'Partide (RINGWALD'06)

Holger Gies New Physics below the Standard Model?



The PVLAS Experiment
ALP model

ALP effects.

(MAIANI,PETRONZIO,ZAVATTINI'86; RAFFELT,STODOLSKY'88)

> dicroism / rotation:

BL\? Si“(m%}) 2

4w

e=—N

Holger Gies New Physics below the Standard Model?



The PVLAS Experiment

ALP effects.

> dicroism /rotaton:.  "JYyYWuywuwv@----------

N (BL)2 sin (%L) 2
(= _ T\

M) () B

> birefringence / ellipticity:

. my2L
Ap=— 27;;‘;% - 8'25145)) i i

Holger Gies New Physics below the Standard Model?



The PVLAS Experiment Si ard
ALP model

PVLAS Rotation from ALP?

8x10° . . .

6k 4
=
8
= weighted avg. rotation = (2.0+0.3)x107 rad
E
RIS
=}
o
(o]
g
5]
5

2k

0 1 |

0 1 2 3 4meV

Boson mass meV m¢
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The PVLAS Experiment Standard|(
ALP model

PVLAS Rotation from ALP?

10 T
= T
1. 7x10° GeV < Mp/ < 5.6x10° GeV
BFRT u’udl ;Lumjcibcu o 1 theV < mp & 15 mp\l
s [ |
v
[ ﬂ?
5'“106 BFRT photon regeneration upper bound
s —— ' PVLA d-dichfoism
2
8
o
£
°
3
S BFRT ellipticity upper|bound
@10°
2
=
1074 10

Mass my, [eV]

(BFRT: BROOKHAVEN, FERMILAB, ROCHESTER, TRIESTE; CAMERON ET AL '93)
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The PVLAS Experiment
ALP model

“Physical Test” of ALP signal.

> dicroism / rotation :

N (BL>2 sin ("%:L) 2
(= T\ )

) )

Holger Gies New Physics below the Standard Model?



The PVLAS Experiment
ALP model

“Physical Test” of ALP signal.

> dicroism / rotation with residual gas:

2

BL 4w
e=-N|(—
aM <(m¢22w2Z§j;<ngas1))L)

4w

Holger Gies New Physics below the Standard Model?



The PVLAS Experiment

ALP model

“Physical Test” of ALP signal.

> dicroism / rotation with residual gas:

2

BL 4w
e=-N|(—
aM <(m¢22w2Z§j;<ngas1))L)

my, = 1.0£0.1meV
M = 3.8+0.35-10°GeV

[rTap———

(CANTATORE@ CERN-AXION-TRAINING2005)
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The PVLAS Experiment

ALP model

“Physical Test” of ALP signal.

Summary plot @ 1064 nm, with B = 5.5 T and N~50000 passes

1
Th Vadue (i I‘DIJF__'
E Al ( +0.3)| 10 afl
7 .
i 1 M Datal frdm gass fit (3¢ interyals)
> o715 - =
g P M = [(3.§40{3b Gel
) ' 3 m =/(1.040/1) mp
;
- N ;
% % RNARARRANNY
2 i 1T n-Vacuo etipticity b
= 035 3 10T 1] T
o o :
= 7
o ’ \ B L
¥ A
1 ), 2t N
2 . ~a-T
E o2 BLEL M. .
' ~ [~
. \ 1L

n 1 FrFdd--L

1) \ N N T

’o \ N ‘ NN AN A A

] 5.1()'4 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045
Boson mass [eV] m¢
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ALP bounds
Options
Implications of PVLAS. Future

Outline

© Implications of PVLAS.
@ ALP bounds
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ALP bounds
Options
Implications of PVLAS. Future

Collider Bounds.

> scattering process - =
£-t:_g¢F ,:',lw \/\/\;\ \/\,t\\ |

in 4 nv e K

> signature: (MASSO, TOLDRA'95)

e*e_—>7+E7-, E'yzECM/2

> Cross section (KLEBAN, RABADAN'05)

g -5
Tepyp = (105Ge\/_1) x1.2-107 pb

Holger Gies New Physics below the Standard Model?



ALP bounds
Options
Implications of PVLAS. Future

Collider Bounds.

g (GeV-1)

(KLEBAN,RABADAN'05)

axion models

103

102

=

Holger Gies

d eV
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ALP bounds
Options
Implications of PVLAS. Future

Astrophysical Bounds.

> Axion production:

Primakov process in stellar plasma Ze
> Axion emission .

weakly interacting particles leave the star

> Axion luminosity

2
_3 g PVLAS | g
S e LS

(VAN BIBBER ET AL.'89)

Holger Gies New Physics below the Standard Model?



ALP bounds
Options
Implications of PVLAS. Future

Astrophysical Bounds.

Cern Axion Solar Telescope

Sunsel
Photon
Sunrise Magnet 10m superconducting . detectors
LHC test magnet
Photon feed bhox ag 9
detectors
gD | - " T
D Sunrise
axions
Sunset - -»
axions
Low-background Low-background
shielding

shielding

Turntable

Decommissioned LCH test magnet
Rotating platform

Holger Gies New Physics below the Standard Model?



ALP bounds
Options
Implications of PVLAS. Future

Astrophysical Bounds.
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ALP bounds
Options
Implications of PVLAS. Future

Astrophysical Bounds.

Laser (PVLAS)

SE
—
o
1
-]

10-7 frLaser (BFRT) Solar (CAST)
10-8
10-0 o
10710 fprm mm o o o o s e e e e i el
10-1 g
10-'3
10-'3
10—[4
10-16

g [GeV-1]

,

10-210-710-¢10-510-410-310-210-! 10° 10!

m, [eV]
Holger Gies New Physics below the Standard Model?



ALP bounds
Options
Implications of PVLAS. Future

Outline

© Implications of PVLAS.

@ Options
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ALP bounds
Options
Implications of PVLAS. Future

Options.

> PVLAS could be

Holger Gies New Physics below the Standard Model?



ALP bounds
Options
Implications of PVLAS. Future

Options.

> PVLAS could be

wrong

Holger Gies New Physics below the Standard Model?



ALP bounds
Options
Implications of PVLAS. Future

Options.
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ALP bount
Option
Implications of PVLAS. Future

Options.

or physical signal?

Candidate Comment

residual gas pressure measurement excluded

mirror coating
ke 2 ct measurement excluded
birefringence

measurement without the
cavity

correlation with measured
position signal

electrical pick-up excluded

beam pointing instability possibility
measurement without the

cavity

Sipfusion from magnetised | pinhale insertion excluded

must satisfy signal
conditions

polarizer movement excluded

physical signal excluded

New Physics below the Standard Model?



ALP boun
Options
Implications of PVLAS. Future

Options.

Error or physical signal?

Candidate Comment

residual gas pressure measurement excluded

mirror coating
Ly 2 direct measurement excluded
birefringence

measurement without the
cavity

correlation with measured
position signal

" measurement without the
polarizer movement s excluded

diffusion from magnetised T
surfaces

electrical pick-up excluded

beam pointing instability possibility

physical signal i excluded

“The possibility that this effect is due to an unknown, albeit very
subtle, instrumental artifact has been investigated at length
without success.” (er-exios07107)

Holger Gies New Physics below the Standard Model?



ALP bounds
Options
Implications of PVLAS. Future

Options.

> PVLAS could be
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Options.

> PVLAS could be

right

= “CAST-PVLAS puzzle”
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Options.

>> ALP interpretation could be wrong.

(...rotation, ellipticity, res. gas effect ?)
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>> ALP interpretation could be wrong.

(...rotation, ellipticity, res. gas effect ?)

> ALP interpretation could be right.

(.. .requires mechanism that avoids fast solar cooling)
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Options.

>> ALP interpretation could be wrong.

(...rotation, ellipticity, res. gas effect ?)

> ALP interpretation could be right.

(.. .requires mechanism that avoids fast solar cooling)

o trap ALPs in the sun (MASSO,REDONDO'05; JAIN,MANDAL 05)

(CAVE: solar physics & other astrophysical/collider bounds)

@ suppress solar ALP production

(MAsS0,REDONDO'05; JACKEL,MASSO,REDONDO, RINGWALD, TAKAHASHI'06)
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Options.

> PVLAS vs. Sun:
@ temperature T

]

@ density n

°

@ (electro-)magnetic fields £, B
°

@ neutrino flux, ...

> solar ALP production could be suppressed by
mg,g=FfT,nB,...)

(JACKEL,MASSO,REDONDO,RINGWALD, TAKAHASHI'06)
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Options.

> e.g., temperature suppression:

qun ~ T2 ~ keV2 QEVLAS ~ 7 . 10_138V2

> assume: ALP is composite (e.g., ~ 7% in QCD) (MASS0, REDONDO'05)

_PVLAS

> CAST-PVLAS puzzle resolved
if g(@2 > Q) — 0 for

(8-107"eV)? < @2 < (0.15keV)?

(JACKEL,MASS0,REDONDO, RINGWALD, TAKAHASHI'06)
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Outline

© Implications of PVLAS.

@ Future
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Future Experiments.

> New laser polarization experiments:

@ Q&A (Taiwan)

@ BMV (Toulouse)
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Future Experiments.

Injection Optical Bench | | Suspended FPI & Rotating Magnet Detection Optical Bench

>
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S fan — N
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Future Experiments.
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Future Experiments.

Goal for 2007 :

Brookhaven, 1993

M, (GeV)

i
107

m, (eV)
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Future Experiments.

> “light-shining-through-walls” experiments:

@ PVLAS upgrade

@ APFEL (DESY) (VUV-FEL at TTF)
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Future Experiments.

@ PVLAS upgrade

@ APFEL (DESY) (VUV-FEL at TT’
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Future Experiments.

T TTTTT T T T TTTTT T

> “light-shining-through- N

10-®
PVLAS

10-8

g [Cev-1]
L \\\\H‘

@ PVLAS upgrade

Conventional 1-day

i -~ Conventional 1-year

\.

Superconduecting 1-dey

e APFEL (DESY) (VU ALY e e T

10-®

T
|
|
|
|
|
|
|
|
|
|
|
i
\
I

Bl Ll Ll Ll

0.001 0.01 0.1 1
m,[eV]

(RABADAN,RINGWALD, SIGURDSON)
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Conclusion.
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Conclusion.

... yet another “Who-ordered-the-muon?” problem ...

Holger Gies New Physics below the Standard Model?
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