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Physics motivation

90 year old prediction of QED

e the result of light-by-light scattering, nonlinear corrections: ,Y/WVL ,Y

e Euler-Heisenberg-Kockel Lagrangian:
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nach Diracs Theorie“, Naturwissenschaften, Bd. 23, 1935. . —24 —2
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“The light in its passage through the electromagnetic fields will thus
behave as if the vacuum took on a dielectric constant that differs from
unity as a result of the action of the fields.” - V. Weisskopf, 1936

DESY. | VMB in ALPS Il | Todd Kozlowski | 20th Patras Workshop | 25.09.2025 | Page 2



Physics motivation

Potential portal for testing new physics

’ Test of alternative models of QED ~ ~— Experimental test of string theory ———
e The Born-Infeld model predicts the absence of e ‘Minicharged particles’ predicted by many
vacuum magnetic birefringence, providing an models of string theory modify the vacuum
opportunity to definitely test the model magnetic birefringence and introduce

dichroism, providing a potential direct test [3]
J. Math. Phys. 65, 012302 (2024); doi: 10.1063/5.0150790

J. Phys. Let. B 666, 66-70 (2008)
\_ J doi: 10.1016/j.physletb.2008.03.076
G J
~— A probe of the dark sector N
o ‘ , . (" )
e Photon mixing with the ‘dark sector’ neutrinos Would be the first laboratory observation of
contributes to the overall VMB effect, making macroscopic nonlinear electrodynamics,
a precision measurement an effective probe complementary to other DESY efforts to better
understand the quantum vacuum.
Prog. Theor. Exp. Phys. 2018 6 (2018); doi: 10.1093/ptep/pty059 LUXE: https://doi.org/10.48550/arXiv.2205.06096
\_ Yy, L HED-HIBEF: https://doi.org/10.1017/hpl.2024.70 )
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VMB in the ALPS Il infrastructure

An(VMB) = YMB) _ (YMB) — 34 B2

AL(VMB) _ Ap(VMB) . T
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Relative path-length difference: J
AL~ 2.37 x 107" m
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VMB in the ALPS Il infrastructure

» . 2 2
Experiment L;[m] N Modulation |B otdL [T
m]
PVLAS-LNL (2008) 0.5 100,000 | Rotating supercon. magnet 2.6
PVLAS-FE (2016) 1.64 446,000 | Rotating permanent magnet 10.3

DESY. | VMB in ALPS Il | Todd Kozlowski | 20th Patras Workshop | 25.09.2025 | Page 5


https://doi.org/10.1103/PhysRevD.77.032006
https://doi.org/10.1140/epjc/s10052-015-3869-8
https://doi.org/10.1140/epjd/e2017-80290-7
https://doi.org/10.1109/TIM.2018.2890183
https://doi.org/10.22323/1.454.0032

VMB in the ALPS Il infrastructure

Experiment L [m] N Modulation | B? dL[T?
m]
PVLAS-LNL (2008) 0.5 100,000 | Rotating supercon. magnet 2.6
PVLAS-FE (2016) 1.64 446,000 | Rotating permanent magnet 10.3
OVAL (2017) 0.17 200,000 | Pulsed magnet 13.8
BMV (2019) 0.31 270,000 | Pulsed magnet
vacuum

BMV Pulse
Profile

~——

t (ms)
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VMB in the ALPS Il infrastructure

Experiment L [m] N Modulation | B? dL[T?
m]
PVLAS-LNL (2008) 0.5 100,000 | Rotating supercon. magnet 2.6
PVLAS-FE (2016) 1.64 446,000 | Rotating permanent magnet 10.3
OVAL (2017) 0.17 200,000 | Pulsed magnet 13.8

BMV (2019)

0.31

270,000

Pulsed magnet

100

VMB@CERN (proposal)

14.3

~1,600

Rotating half-waveplates
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VMB in the ALPS Il infrastructure

Experiment L [m] N Modulation | B? dL[T?
m]
PVLAS-LNL (2008) 0.5 100,000 | Rotating supercon. magnet 2.6
PVLAS-FE (2016) 1.64 446,000 | Rotating permanent magnet 10.3
OVAL (2017) 0.17 200,000 | Pulsed magnet 13.8

BMV (2019) 0.31 270,000 | Pulsed magnet 100

VMB@CERN (proposal) 14.3 ~1,600 Rotating half-waveplates 1290

VMB in ALPS Il (proposal) 212 > 5,000 Ramped supercon. magnet 6000
: .\‘.' Successfully demonstrated in the ALPS Il infrastructure:

e stable frequency lock of lasers to a 245-meter high-finesse cavity inside ramping magnets
o days-long locks with mature monitoring and control systems

e world-record light storage time / narrow linewidth

e full day of magnet current ramping (on/off 5.3 Tesla) at ~ 0.3 mHz

o magnet power supply under upgrade review to achieve potential 5 mHz modulation

e ——al
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Experimental probes of the VMB

Induce polarization ellipticity

H H
—> —>
- 4
1 / il

Linearly polarized relative phase retardation: Elliptically polarized

input field output field
[(L)=ZAn-L
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Experimental probes of the VMB

Induce polarization ellipticity

< L B

‘ ‘ [ Magnetic field 1 ‘ ‘

Rgiliing

Linearly polarized relative phase retardation: Elliptically polarized
input field 21T output field
2
I'(L) = T 3AcBo L
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Experimental probes of the VMB

Induce polarization ellipticity

< L B

‘ ‘ [ Magnetic field 1 ‘ ‘

I 4o

Linearly polarized relative phase retardation: Elliptically polarized
input field 9 output field
__ 4T 2
I'(L) = 234.B%,-N-L
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Experimental probes of the VMB

Precision frequency metrology

e round-trip cavity length different for differently

polarized fields of light Av
: e can be read out as changes in relative frequency 4"
E) ) , . | [
______________________ [ Magnetic field 1
[ Magnetic field }
i . L c
i By V” — N X VFSR’H — N X E” frequency (v)
C
V| :NXVFSR,J_ = N X oL,

DESY. | VMB in ALPS Il | Todd Kozlowski | 20th Patras Workshop | 25.09.2025 | Page 12



Experimental probes of the VMB

Precision frequency metrology

e round-trip cavity length different for differently

polarized fields of light Av
g e can be read out as changes in relative frequency n"’ﬂ
f ) , i 1 [
______________________ [ Magnetic field 1
[ Magnetic field }
. A¢rt
5 B, Av = ox VFSR frequency (v)
AL
— . VFSR
0
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Experimental probes of the VMB

Precision frequency metrology

PHYSICAL REVIEW A, VOLUME 62, 013815

Measurement of mirror birefringence at the sub-ppm level:

Devised by John L. Hall in 1995 as a test of the VMB: EEipased, ApPICREUN ‘16 #tedt of OED

John L. Hall,* Jun Ye,* and Long-Sheng Ma'
JILA, National Institute of Standards and Technology and University of Colorado, Boulder, Colorado 80309-0440
(Received 6 January 2000; published 15 June 2000)

e experimental principle:
o lock two orthogonal polarization states separately to

the cavity
_ L. from Siu Au Li at the 2015 DESY VMB workshop (link)

o measure the relative frequency splitting of two T
fundamental eigenmodes caused by birefringence ! N EOM 3 aom 1 || £om = HEN
o o . . ] ! F
o birefringence signal is read out in the difference in o o | weo ;
the control signals of the two separate polarization Mensurament Frpey ?

state frequency locks izl s R P
.. : o : : : I A :
o original experiment limited by cavity length noise VACUUM o] — e =H \ |
N Sideband Frequency Frequency Faraday M2 r;ma.y M2 S:"atlal \
Generators Shifters Modulators Rotators otator ter )
Cavity Locking Elements §
- Vibration Isolation Vibration Isolation T 3
: S ? Two SSC dipole magnets, Peak field 6.6 T 3
3 Measurement kR s A HML
Sevonie AN —— — |
§ *‘ 50m - Colorado Collaboration \
R R e = WS S SR =N bssos e SR
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Experimental probes of the VMB

Precision frequency metrology with heterodyne readout

e lock three fields to cavity resonance in two orthogonal polarization states

e using an additional heterodyne local oscillator laser, read out the relative frequency differences between the
upper and lower fields Ep+, Ep_

e a precision phasemeter measures the heterodyne beatnote frequencies, looking for any changes between the
frequency of Eso and the “average” of the upper and lower p-polarized fields:

JoAN
: ﬁ)LL : Iﬁ);AN'
A A A A
A H
Y- Av,
E, Es, B, B
—_ H
Frequency Av,

e changes in the absolute cavity length are common to both beatnotes, systematically excluded
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ALPS 19 m birefringence prototype

Dedicated setup to demonstrate
novel readout technique on a
19-meter long, 30000 finesse ‘test
cavity’ (no magnets)
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ALPS 19 m birefringence prototype

DESY.

Frequency variation (Hz)

demonstrated: simultaneous ‘symmetric’
locking of three fields to the cavity with
arbitrarily adjustable polarizations

o suppression of cavity length noise which
is expected to dominate at our signal
frequency
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ALPS 19 m birefringence prototype

~11
e demonstrated: simultaneous ‘symmetric’ 10 + B oo e BmEEEa T L
locking of three fields to the cavity with — A, |
arbitrarily adjustable polarizations ; ————— Out of Loop Noise 11071
. . . . 10712 ¢ —————— Control Signal :
o suppression of cavity length noise which : At
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g1 Z
16 ' ! E i
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ALPS 19 m birefringence prototype

~11
e demonstrated: simultaneous ‘symmetric’ 10 i i e BFRE e SRR AR S
locking of three fields to the cavity with _ — Ay, |
arbitrarily adjustable polarizations : — Out of Loop Noise}..) ;41
: . . . 10712 L Control Signal '
o suppression of cavity length noise which : T
is expected to dominate at our signal @ 2 N
frequency - {102 .
= 10718 5
E C f J ~—
e currently limiting noise source: j 5
- . (0 i X 10—3
performance of the frequency stabilization 10-14
o residual amplitude modulation / :
“out-of-loop” noise
10~*
o suppression of this noise source has 10710 AR RIS
been demonstrated [1,2], will require 10~4 1073 102 101 10°
modification to the setup Signal Frequency (HZ)

[1] https://doi.org/10.1364/0OE.465597
[2] https://doi.org/10.1364/OPTICA.507655

DESY. | VMB in ALPS Il | Todd Kozlowski | 20th Patras Workshop | 25.09.2025 | Page 19


https://doi.org/10.1364/OE.465597
https://doi.org/10.1364/OPTICA.507655

VMB in the ALPS Il infrastructure

ALPS Il (in HERA North)

[ Upgrade of magnet power supply ]

[ VMB search in ALPS I }

[ ALPS Il reaches full sensitivity, upgrades ] infrastructure

Optimize birefringence read-out using][ Test various cavity ]

birefringence suppression /
frequency metrology control techniques

19 meter Birefringence Lab (in HERA West)
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Study of the birefringence noise in high-finesse ULE cavity
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RESEARCH ARTICLE | DECEMBER 26 2017

Noise characterization for resonantly enhanced polarimetric

vacuum magnetic-birefringence experiments @
M. T. Hartman © ; A. Rivere; R. Battesti; C. Rizzo

'.) Check for updates |

Rev. Sci. Instrum. 88, 123114 (2017)
https://doi.org/10.1063/1.4986871

Intrinsic mirror noise in Fabry—Perot based polarimeters: the case
for the measurement of vacuum magnetic birefringence
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Characterization of the Vacuum Birefringence Polarimeter at BMV:
Dynamical Cavity Mirror Birefringence

M. T. Hartman', R. Battesti!, and C. Rizzo'
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Polarimetry for measuring the vacuum magnetic birefringence
with quasi-static fields: a systematics study for the VMB @ CERN
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Vacuum birefringence experiments: optical noise
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: = 150404 o i 1 The PVLAS experiment: A 25 year effort to
1A= (2012002/10" m | {1 measure vacuum magnetic birefringence

(Ejlli et al. 2020) [INSET]
https://doi.org/10.1016/j.physrep.2020.06.001

IBh= (483200210 mhz " ||| |

_______

Study of the birefringence noise in a

high-finesse ULE cavity (Yang et al. 2025)
https://doi.org/10.1016/j.optlastec.2024.111660

ALPS Magnet VMB Signal, 1e68

107 107 107! 10° 10" 10°
Frequency (Hz)
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Study of the birefringence noise in a

high-finesse ULE cavity (Yang et al. 2025)
https://doi.org/10.1016/j.optlastec.2024.111660

ALPS Magnet VMB Signal, 1e7s
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Back up: Static cavity birefringence measurement
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Reduction of residual amplitude modulation to 1 x 10-6 for
frequency modulation and laser stabilization
https://doi.org/10.1364/0L.39.001980
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