Particle Physics in Modified Quantum Vacua

— puzzles from the PVLAS experiment —

Holger Gies

Universitat Heidelberg

Emmy
Noether-
Programm

Deutsche
Forschungsgemeinschaft

Holger Gies Particle Physics in Modified Quantum Vacua



A view on the quantum vacuum.

N  d

Holger Gies Particle Physics in Modified Quantum Vacua



A view on the quantum vacuum.

N  d

Holger Gies Particle Physics in Modified Quantum Vacua



A view on the quantum vacuum.

N  d

Holger Gies Particle Physics in Modified Quantum Vacua



A view on the quantum vacuum.

N  d

Holger Gies Particle Physics in Modified Quantum Vacua



A view on the quantum vacuum.

N  d

P

Holger Gies Particle Physics in Modified Quantum Vacua



A view on the quantum vacuum.
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(BFRT,PVLAS,Q&A,BMV,...)

>
—>  modified light propagation: § “QV ~ medium”
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A view on the quantum vacuum.

> Boundary conditions: Casimir effect

=  probing non-Newtonian gravity

(GR302@DPG: LAUX,WARRING, SCHMIDT,DEKIEVIET)
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A view on the quantum vacuum.
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>> Heat bath: quantum & thermal fluctuations
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A view on the quantum vacuum.
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> electric fields: Schwinger pair production “vacuum decay”
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Light Propagation.

o> classical Maxwell equation in vacuo (MAXWELL 1864)

0=, F"

> velocity of a plane-wave solution:

v=1 (=c¢)
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Light Propagation in a & field.

> quantum Maxwell equation (HEISENBERG, EULER'36;WEISSKOPF'36)
18 a® _, 114 o2
_ Frv _ _ Fud F(y SRV Fqua F/u/
0 =0 < 2 45 m* 7 245 m )
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Light Propagation in a & field.

> quantum Maxwell equation for a “light probe” f#¥

v 8 a2 W af 14 a2 [ —uv af
0=0,." _EWF‘“F/ D fr — EWFMF/ Ouf
- UMY
Phase and group velocity
(ToLL'54)

(BAIER,BREITENLOHNER'67;NAROZHNIY'69)

(BIALYNICKA-BIRULA, BIALYNICKI-BIRULA'70)

(ADLER'71)

= magnetized quantum vacuum induces birefringence

> detection schemes: (PVLAS, BMV, Q&A, HEINZL ET AL.06, DIPIAZZA,HATSAGORTSYAN,KEITEL'06)
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Light Propagation in a & field.

> observable: birefringence induces ellipticity
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ellipticity: 11 = 7 £ Av sin20, Av(5.5T) ~ 10722
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Light Propagation in a & field.

> absorption: in QED only above pair-production threshold w > 2m

K =——ImMy
w

- [Fmode

K/(.O 10
absorption —  dichroism

10 100 1000 (TSAI&ERBER'74,DITTRICH&HG'00)
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Light Propagation in a & field.

> observable: dichroism induces rotation

i
N

B

rotation: |A| ~ I Al sin2¢
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PVLAS Detection Method.

Polarizzazione del Vuoto con LASer

QWP

M interaction region 2

(BAKALOV ET AL.’94, CANTATORE ET AL.'00, ZAVATTINI ET AL.'05)
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elliptical Diode
polar.
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carrier
ell. pol.
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PVLAS Design.

“Slow”
DAQ

Le{ “Fast”
DAQ

frequency-locked
Nd:YAG laser

detection
photodiode

analyser

=y e
== QWP
a0
S FP cavity mirror

~B field

—_—
magnet

e
‘_g turntable

FP cavity mirror
) c

polariser
beam splitter

feedback
photodiode

~Jellipticity modulator

@ magnet: 6T, 4.2K, 1m
@ magnet rotation: ~ 0.3Hz
@ laser: A = 1064nm (532nm)

@ cavity: high-finesse (N ~ 10%)
Fabry-Perot, — ¢ ~ 60km

Holger Gies
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PVLAS @ LNL.




Vacuum Birefringence?

> observed ellipticity signal

Pell

[10-2rad/pass] —34£0.3
at B=55T
wexp 4
= — ~10
YqED
(preliminary)

630 ps)

3
bt
<

a

taat

Datiin vuotocon B=55T
Ellitticita normalizzate a v = 630 us

10¢

10"
18 1.85

19 195 2 205 21 2.15 22

Frequenza [unita di freq. di rot. del magnete]

(CANTATORE@IDM2004,IDM2006)
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Vacuum Birefringence?

Datiin vuotocon B=55T
Ellitticita normalizzate a v = 630 us

10¢

> observed ellipticity signal

Vel 2
= -344+03 _%
[1 0—12rad/paSS] >‘§ﬂ 10 Mw JlL[‘
£3 ,
at B —65T 22 WMMM1 fwmﬂﬁﬁ
—. VYee o "
QED i
(preliminary) .
18 185 19 195 2 205 21 2.15 22

Frequenza [unita di freq. di rot. del magnete]

(CANTATORE@IDM2004,IDM2006)
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Vacuum Rotation: loss of photons.

107 PVLAS run 903
5 QWP axis 0
10 7] Field intensity 0 T
1 075 ] Average number of passes = 4.2:10%
Acquisition time = 650 s

10"
10°

10°

signal amplitude [Volt]

1077

t

T I T | T 1
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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Vacuum Rotation: loss of photons.

PVLAS run 808
QWP axis 0

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

B=55T

signal amplitude [Volt]

I I | | | 1
0.5 1.0 15 \Zﬂ 25 3.0
Multiple of magnet rotation frequency

(CANTATORE@CERN-AXION-TRAINING2005)

observed rotation

|Af] ~3.9+0.2- 10 %rad/pass

(ZAVATTINI ET AL., HEP-EX/0507107, PRL'06)
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Options: Error or Physical Signal?

(CANTATORE@IAS-AXION-WORKSHOP'06)

Candidate Test/ Comment

residual gas pressure measurement excluded

mirror coating birefringence/

" direct measurement excluded
rotation

measurement without the

cavity

electrical pick-up excluded

diffusion from magnetised

irtolls pinhole insertion excluded

measurement without the

cavity excluded:

polarizer/QWP movement

residual Faraday rotation study freq. locking offset possible source of birefr/
(static and modulated) rotation at Qmag

yet uknown magnet-polarisation| study fireq. locking offset possible source of birefr/
coupling rotation at Qmag

correlation with measured

beam pointing instability position signal possible source of

birefringence at Omag
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Options: Error or Physical Signal?

(CANTATORE@I|AS-AXION-WORKSHOP'06)

Candidate Test/ Comment

residual gas pressure measurement excluded

mirror coating birefringence/

" direct measurement excluded
rotation

measurement without the

cavity excluded

electrical pick-up

diffusion from magnetised

irtolls pinhole insertion excluded

measurement without the

ahy excluded:

polarizer/QWP movement

residual Faraday rotation study freq. locking offset possible source of birefr/
(static and modulated) rotation at Qmag

yet uknown magnet-polarisation| study freq. locking offset possible source of birefr/
coupling rotation at Qmag

correlation with measured

beam pointing instability position signal possible source of

birefringence at Omag

“The possibility that this effect is due to an unknown, albeit very
subtle, instrumental artifact has been investigated at length
without success.” er-exi0507107, PRLOS)
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Standard (Model) Explanations ?

@ Quantum light cone deformations ... ?
2Tt °

(LATORRE,PASCUAL, TARRACH'95; SHORE'96; DITTRICH, HG'98)

@ Photon Splitting ... ? (ADLER'TH)
PVLAS mean free path 1/x ~~ 3 - 10%" x SoU
also eXperimenta”y ruled out by PVLAS (CANTATORE@IAS-AXION-WORKSHOP'06 )

@ neutrino pv pair emission in EM fields ... ?
too small!

(HG, SHAISULTANOV’00)

@ QED effect due to magnet rotation ... ? wexoonca et aos)
too smalll

(HG'06; ADLER'06; BISWAS,MELNIKOV'06)
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Standard (Model) Explanations ?

@ Quantum light cone deformations ... ?

2T4 2
~L - Z, ... too smalll

(LATORRE,PASCUAL, TARRACH'95; SHORE'96; DITTRICH, HG'98)

] PhOﬁ ti .? (ADLER'71)
, aan free path 1/k ~~ 3-10% x SoU

also experi Nw put by PVLAS (CANTATORE@IAS-AXION-WORKSHOP'06 )

@ neutrino v pair emission in E?@ ..
/ too small!
L 4

(HG, SHAISULTANOV’00)

@ QED effect due to magnet rotation ... ? wexoonca et aos)
too smalll

(HG'06; ADLER'06; BISWAS,MELNIKOV'06)
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Low-Energy Effective Theories?

Axion-Like Particle Milli-Charged Particle
(~)
Lap = %qu/“’ F v ) .
1 " Lmce = —¢(id + ceAy + meapr)
—§(3¢)2 - qubzébz

scalar or pseudo-scalar scalar of fermion

2 parameters

neutral charged
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Low-Energy Effective Theories?

Axion-Like Particle Milli-Charged Particle

birefringence induced ellipticity:

T

(ADLER'71; TSAI,LERBER'74)
(MAIANI,PETRONZIO,ZAVATTINI'86; RAFFELT,STODOLSKY'88)
(HG,JAECKEL,RINGWALD’06)
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ALP Global Fit.

> pseudoscalar ALP, fit to all pUbllShed data (AHLERS,HG JAECKEL, RINGWALD'06)

I 1 I T TTI I I F1rrri

105 | v# =

g _ ]
[GeV™] - .
; BFRT |

10-¢ | PVLAS

- ALP 0- (50) ]

104 103 m,/[eV]

e.g., m,~15.10"3%eV, 1:4-1OSGeV
’ g

(ZAVATTINI'05)
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MCP Global Fit.

> fermionic MCP, fit to all pUbllShed data (AHLERS,HG JAECKEL, RINGWALD'06)

10-%

M
T TTTTT]
Lol

BFRT |
PVLAS

10-8
MCP 1/2 (50) 3

0.01 0.1 m./[eV]

m, <0.1eV, e~107°

(HG,JAECKEL,RINGWALD'06)
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Astrophysical Bounds: ALPs

> Axion production:

Primakov process

__________ 107 I gser (PyLAS) 1

1()-° r_ — '!

10-7 [rLaser (BFRT) Solar (CAST) -i

— 100K -~ A

Ze 710 =< zor 1
o 10-1 ——————————— HB starsy

. - S 1o -
> Axion emission L F L
w 107 L

10718 | >

104 3

1078 | : =

Eo v vl sl ool ool oo o o ol v 2o

........ 10-810-710-¢10-510-410-310-210-! 10° 10!
m, [eV]

Ls~108 L,

CAST: (T316@DPG07: KusTER, NORDT, HOFFMANN)

(VAN BIBBER ET AL.'89)
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Astrophysical Bounds: ALPs

> Axion production: |g]~1micro eV

Primakov process

.......... 10-¢ F Laser (PVLAS) '!

10'° r_ — & -!

10-7 [rLaser (BFRT) Solar (CAST) -i

= otf A

Ze 7100 PRASP NN
S 10710 ——————————— ZoHB starg )

. . O 1o 1
> Axion emission L F L
w 107 L

10718 - .

1074 1

1071 i 3

10-810-7 f0-¢10-510-410-310-210-! 10° 10!
m, [eV]

|q| ~ keV

CAST: (T316@DPG07: KusTER, NORDT, HOFFMANN)

~10°
£¢_1 0 E,y
(VAN BIBBER ET AL.'89)
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Resolving the CAST-PVLAS puzzle.

> suppress solar ALP prOdUCtion: (JACKEL,MASSO,REDONDO, RINGWALD, TAKAHASHI'06)

g=fT.n.B.Q°..)

A PVLAS
> e.g., momentum suppression: g /

@3, ~ keV?
QSVLAS ~ 7 . 107136V2
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Resolving the CAST-PVLAS puzzle.

> e.g., U(1)xU(1)xU(1) paraphoton model (MASs0, REDONDO'06)

2

‘o ey ST
gi! Y2
¢ T € -
v g v

= can naturally be embedded in string theory (asetssecker,khoze,rmawaroios)

> other options:
o7 SUppreSSion (MOHAPATRA,NASRI'06)
@ trapping (JAIN ET ALO5'06)

@ (GABRIELLIAGIOVANNINI'07; BESWICK&RIZZO'07; FOOT&KOBAKHIDZE'07; HU&LIAC'07; KRUGLOV'07; CHEUNG&YUAN'07;

GAETE&SCHMIDT 06; FLACKE&MAYBURY'06; KASTRUP’06; RODRIGUES'06; FAIRBAIN&RASHBA&TROITSKY'06 + + )
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“Near-Future” Data.

> pseudoscalar ALP strongly disfavored: g < 0

(CANTATORE@IDM2006)

10-8
_9
[GeV ']
10-6 =
- +preliminary -
C ALP 0* (50) 1
10~ 1073 m,/[eV]

my ~ 1 1073V, 1 ~2.10°GeV
g
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“Near-Future” Data.

> scalar MCP, fit including preliminary PVLAS data (CANTATORE@IDM2006)

(AHLERS,HG,JAECKEL,RINGWALD'06)

10-8 +preliminary _
MCP 0 (50) ]
0.01 0.1 m./[eV]

m. <0.07eV, ¢~2-107°
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ALPs vs. MCPs

(AHLERS,HG JAECKEL, RINGWALD'06)

_I TTrT I TIrrT II TT T 17T I__I TT I Trorr I‘I 1T I TT I__IIIIIIIIIIIIIIIIIIIIIIIIIII_
r ALP T : T ]
0.8 - MCP T T .
< C : T T ]
g 06 T T 3
E C T T ]
s 04 T T =
2 C 3 T T ]
02 = T AN TN -

: 11 IIII IIIII IIIII I: 11 1 I 11 1 1 I 11 1 1 I 1 1 I::

0 FfHHHHHH R
0.8 F + T .
g o6 + + 3
£ N T T ]
— 04f + + -
= r T T ]
0 F o + .
0 : IIiIIIIIIIIIIIIII: 1 I 111 1 II 11 1 I 1 1 I:: IIiIIIIIIIIIIIIIIIIIIIIII:

0 5 10 15 500 1000 1500 1 2 3 4 5

B [T] A [nm] L [m]
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Future Experiments.

> New polarization experiments:

o Q&A (Taiwan) (CHEN,MEI,NI'06)
@ BMV (Toulouse)
@ TW or PW standing-wave laser fields (Jena) emz et avos)

@ Double-pulsar observations J0737-3039 (ouearsaroncaveLiios)
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Future Experiments.

> New polarization experiments:

Goal for 2007 :

Brookhaven, 1993

M, (GeV)

L

e
107

m, (eV)

(R1ZZO@CERN-AXION-TRAINING2005)

Holger Gies Particle Physics in Modified Quantum Vacua



Future Experiments: ALPs

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

@ PVLAS upgrade

@ ALPS (DESY) (T316@DPGO7: MEYER)
@ APFEL (DESY) (VUV-FEL at TTF)

o LIPSS (JLAB)

e 7?? (CERN)
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Future Experiments: ALPs

> e.g., ALPS @ DESY (A.LINDNER'06)

k > X 1 .a.l?’
W il

Installed and ready for operation!
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Future Experiments: MCPs

URELL s e
[ Orthopositronium
104 §

> MCP pair production

108 |

in strong electric fields: 3
w

10-. = _E

10~ E Cavity (future) E

ETRTTTT EECER AT EEART PRERTTITT EECETRRTIT! EEETETITT BTt

10- 10 10~ 10 10 10-t 100 10!
m,_ [eV]
Acc. Cavity Wall Detector Cavity (HG,JAECKEL, RINGWALD'06)
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Conclusions

> Why quantum-vacuum physics ... ?

@ “...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.)
millicharged particles

sub-millimeter forces
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Bonus Material
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Astrophysical Bounds: MCPs

o4 T T T T T
10" -
10"
10°F

I SN;" p
me O T
10*f RS
10° " -
I L AT | I P § I

107" 107" 107° 107
€

(DAVIDSON, HANNESTAD, RAFFELT'00)
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Astrophysical Bounds: MCPs

10 1 — 1 1 1
10%
10"

10°F .
L SN~
10°F :
m, /eV] L
10* RE
10°F L
]. I | L | L | | Op |

-14 -10 .—BI | —2‘
10 10  10° 10

€

(DAVIDSON, HANNESTAD, RAFFELT'00)

Holger Gies Particle Physics in Modified Quantum Vacua



PVLAS Puzzles

e Does PVLAS observe a signal of unconventional/new
physics ?

e Is there a (particle-physics) low-energy effective
description of the PVLAS signal ?

e Is there a valid microscopic foundation of such an
effective description ?
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