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1) Fundamental constants (FC) variation, dark matter, frequency references

2) Sensitivity to FC variability from precision measurements:
-Modelisation of sensitivity from °C,H, transitions at 1.5 ym
-Modelisation of sensitivity from 17|, transitions at 0.5 ym
-Constraints on FC variation from molecular spectroscopy and clocks

3) Instrumental developments and first spectroscopic measurements

4) Conclusion
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1) Variation of fundamental constants from precision measurements
with molecular frequency references




« Fundamental Constants and Ultralight Dark Matter Lu' ggifﬁ’{gité%g @

 The Standard Model (SM) and the General Relativity (GR) theories

=> fundamental constants (FC) are free parameters of the theory
Uzan, C. R. Physique 16, 576 (2015)

=> CODATA 2022 recommended values of fundamental constants
https://physics.nist.gov/cuu/Constants/index.html

=> Failure of SM&GR to explain observational data on mass distribution in the Universe

=> |ntroducing galactic DM : pp); = 0.4 GeV/cm™3 ;v = 230 kTm; o, =1073c; 1. = 107*/wy,

2
« BSM theories: DM is sub-eV bosonic field ¢(t) = ¢, Cos(a)q)t); Wy = mc}zc . po= |mSrDM

2.2
w4 ¢
¢

Arvanitaki et al, PRD 91, 015015 (2015); Stadnik et al, PRL 115, 201301 (2015); Freese et al, RMP 85,1561 (2013)

« UDMe-induced variation of fundamental constants

- fermion X=(e,u,d,s) masses : my(¢$) = my (1 +dm, - ¢/\/W)

- fine structure constant: a(¢) = «a (1 +d, - ¢/\/W)

- QCD scale parameter : Aycp(d) = Agep (1 +d, - ¢/\/W)

- u(me,AQCD,mX) =my/m, . pu(Pp) = u(l — (dme +dg + 0.036dm) - d)/\/W)

Damour and Donoghue, PRD 82, 084033 (2010)




- Variability of fundamental constants and AMO physics L Loiversits ga @

=> Atomic, molecular and optical cavity resonance frequencies depend on FC:

a’mec?
41h

atomic optical transition f4 ,,r = Caopt Fopt (@)

atomic hyperfine transition fy ;7 = Canr— -~ @’ — (gl(mq/AQCD) X Me/my) + Fyp(@)

2

: : e a’mec
vibrational molecular transition : f,,;;, = Cyip 4—7;;,/me/mp

a’meyc?

41h

rotational molecular transition : f,.,; = Crot me/my,

amec?

optical cavity resonance : f, = C, . - Fe (0(, My, Aocp )

=> Parametrization in terms of (@, u, M/Aycp) With appropriate sensitivity coefficients:

Afcam c,AM Aa CAM Au c.aM A(M/Agcp)
= —+ Qu + Q4

fcam « m/Agcp




» Approaches for searching UDM with atoms and molecules I

« Snowmass 2021 DM white paper

Antypas et al, arXiv 2203.14915 g
=> Atomic clocks comparisons S R
- Rb/Cs clock comparisons 03 Ry s

Hees et al, Phys. Rev. Lett. 117, 061301 (2016)

=> Atomic interferometry
Abdalla et al, EPJQT 12, 42 (2025

=> Atomic clocks/cavity comparisons

- Sr clock/cavity network comparison by GPS
Wecislo et ;al, Sci. Adv. 4, eaau4869 (2018)
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=> Spectroscopy experiments
- Cs polarization spectroscopy

Tretiak et al. Phvs.
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Rev. Lett. 129. 031301 (2022)
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Kennedy et al, 125, 201302 (2020) Oswald et al, Phys. Rev. Lett. 129, 031302 (2022)
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2) FC variations from precision measurements
with acetylene and molecular iodine transitions




« Sensitivity of the acetylene rovibrational transitions Lu' ggil\fﬁfgité%% @

« Effective Hamiltonian models for rovibrational energy levels:
Vibrational energ N N N

Ey/hc = Y7, w; )+Zl<] lxu(vl+2‘)( )+Zl<] 491}( j)(lj+7j)+...
Rotational energy:

d; d;
Befs= By — Xi_1 @; (Vi + j) + :Depr= Do + X741 B; (Vi + j) + -

Rovibrational energy levels couplings (I-type, Coriolis, Fermi,...)

Wi-eype/he = (V24,/2) [ UG + 1) = k)(GG +1) = kD) = 2)
u-dependence of the Hamiltonian constants:

wi~1/\E, xij~1/u, gij~1/u, ...; B~1/u,D~1/u?, a~1/u3/2, p~1/u52, .5 q~1/u3/?, ...

-0,46 n -
i = vi+v3 band of 12C2H2 2000 - 4160 1007 * (v414¥515)=(2,0,0,0>(1,0,1,0) |
® V1+v2+v4+v5 band of 12C2H2 (CZ H D) g - * Eﬁ-::-g{gfg}g:g;*g-g-g-gg
£ A 2v1 band of 12C2HD _ O N e + (VAMY515)=(1,01,0)->(0,02
3 v v1+v3+V5 band of 12C2HD = K splitt—® 6.6 <1 L & * (v414,¥515)=(0,0.2,0)->(1,0,1,0)
2 - € 1000 HSP . . o 2 - (V4J4V515)=(0,0,1,1)->(1,-1.0,0)
& 0,47+ 2 . 4 o £ 50+ + (v44v515)=(1-1,0,01>(0,01,1)|
o | € licesagmamss® A 140 & D 4 (v4,14,v515)=(0,0,1,-1)->(1,1,0,0)
8 5 T A E= o v (v4,14,¥5)15)=(1,1,0,0)->(0,0,1,-1)
Q 0 A mmmmEEE el (&) .
> o LL L & = 0 T e Tarpg
s = U - 2 Y] o uod b B P IRTMR S ——— |~
2 S ool . O ° 2 -
2 -0,48- -5; -1000 AAA . R 120 g =
. c x250 a 4 c
3 g ., AA g 3,) -50-
-2000 ‘. a =
] A m 1/250
‘0 49 ------------ 0 T 1'0 1. - =‘.’_'/. T T 0 '1 00 p = T 5 T 3 4
’ - - ; 5 5 20 25 30 35 10 10 10 10
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Constantin, Vibrational Spectr. 85, 228 (2016); Proc. EFTF 2015, Proc. CLEO Europe 2023
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- Sensitivity of the molecular iodine rovibronic transitions & Yaiversité &2

25000 }

BO* =>sensitivity coefficients to variations of u, a
’ Constantin, Proc. IFCS, 9234878 (2020)
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563 564 565 566 567
-D, (v”)x (J”(J” + 1))2 +H, (v”)x (J”(J” + 1))3 frequency (THz) 5

By, J BT 4G, (v B, (v W (I + DDy (v W (7 + 1) o / f FS~2§ o
+H, (v (I + D +L, (v K+ D)) 01, (0 KT+ 1) \

. . v 2
=> Adjustment of tens of thousands FTS lines Py
Gerstenkom and Luc, J. Phys. France 46, 867 (1985) assumed : K =2
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* DM direct detection by laser spectroscopy of acetylene (L govers 5?%3 @

Aa(t)
a

tt
c_i':,_:,_—l_:i__ﬁj_i) fL (t) - mel (t) _ _ mo mo
fL (t) - (QéhL (fd)) Qa lh l (fd)))
+(QkR"(fy) — QO™ (£y)) 242

REFIMEVE network

s m ,, - 1542 nm cavity-locked laser

- fractional stability ~10-° @1s
- fractional uncertainty ~10-14
- phase-stabilized optical link

Exp. A : Doppler-free acetylene spectroscopy with &f/f=10-14 (t/1s)-12
Exp. B : Doppler-broadened acetylene spectroscopy with 5f/f=10-12 (t/1s) 12
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=> Improved constraints in the kHz range, sensitive to DM couplings to the nuclear interaction
Constantin, Proc. EFTF 2023




« DM search by frequency comparisons of '?71, optical clocks (b Sniversité &

PhUAM

-Relative time variation of clock frequency ratio: din\fy, | fewer) _ (Klz _KClock)dl”/‘ _|_(Ké2 _ngock)dlna
-Remote comparisons enabled with fiber links dt : ‘ dt dt
Clock transition freq. (Hz) K, K, rel. unc.  rel. freq. drift (yr') ref.
1271, R(26) 62-0 597.291x10" -0.019 2 1x107" 4x1071° Proc. IFCS, 9234878 (2020)
1271, R(35) 44-0 583.119x10" -0.045 2 1x107"° 4x107'° Proc. IFCS, 9234878 (2020)
1271, R(56) 32-0 563.110x10" -0.054 2 1x107" 4x107'° Proc. IFCS, 9234878 (2020)
3Cs clock 9192631770 S| 2.83 0 0 Metrologia 55, 188 (2018)
¥’Sr clock 429228004229873.0 0 0.062 4x10"°  (-3.3£3.0)x10"®  Nat. Commun. 4, 2109 (2013)

« Estimation of performances of 100 frequency measurements performed during 1 year:

£ 3x10'15-_ l
2 2x10™ T T
2 | 10 L | H T TIT LR I lT A Th T J It I
g HER LN et T l J ) W T T +T A esedil 16
S ol T om | lg | S, L B ; I unc~4x10 “/yr
< el U T LT T S T S T ST ol Ll T
@ -1X107T UI I T [ a7 1° Mi [ T1 | | [J &I
= 2x10™ } l |- % Lo l - # T T T
= -3X10_1c5),0 o2 04 | 0,6 | 0,8 | 1,0
time (yr)
Clock comparison unc. (1/p)(du/dt)  unc. (1/o)(da/dt)
27}, (1)/Cs, "I, (2)/Cs, ", (3)/Cs  1.5x10“iyr 1.8x10" "/yr
27}, (1)ICs, Sr/Cs 6.0x107"%/yr 2.6x10"“/yr

=>Joint constraints for time variations of a, u needed for benchmarking new BSM theories

Constantin, Proc. IFCS 2020
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3) Experimental developments and preliminary results
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_* Probing C,H, absorption by optical network spectroscopy Lu'ggifﬁfgité;'%g @

Stabilized
frequency comb | | -OBSPAR ultrastable laser / H Maser

-REFIMEVE stabilized optical link
Cantin et al, New J. Phys. 23, 053027 (2021)

Laser 1542 nm

ﬂ'
-

— ©m

GPS
10 MHz&1pps

=> Sf(t)/f ¢
Intensity
modulator => Of(f,)/f L
f,

DAQ ’

MW: 2-20 GHz

« EDFA amplification; frequency tuning with fiber-coupled LN intensity modulator (MW+DC)
« One-pass absorption path in a 5 cm-length cell filled with 12C2H2 at 50 Torr

« Photodetection with 1 GHz BW, 14 bits DAQ system sampling up to GSPS

« GPS time and MW frequency reference




- Power level, frequency tuning, spectroscopy applications Lk Université ¢ @

PhUAM

=> Signal to PhLAM almost continuously at 194,400,084,500.000(25) kHz

=> Optical amplification to suitable power levels

=> Frequency tuning by sideband generation with LN intensity modulator

=> Frequency tuning up to 20 GHz but significant microwave frequency response

=> Spectroscopy by scanning of an auxiliary tunable laser across an acetylene line

=> Need for optical intensity stabilization during frequency scanning

100 - - 1000
—n— REFIMEVE carrier, no modulation

{ —e—intensity modulation & carrier supression
(modulator DC bias 2040 mV)

| C,H, P(27) line of v.+v, band by 1542 nm
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liary | length ~1
wavelength (nm) modulation frequency (GHZ) auxiliary laser wave engt scan over nm
Pulse modulation at 250 Hz, Pulse modulation at 250 Hz, lock-

OSA resolution 70 pm _
P lock-in T,=100 ms, 10 scans in T,=100 ms, 1 manual scan
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* First experimental data recording and exploitation L Yniversité 75

"C,H, P(27) line of v, +v, band from HITRAN 5| DAQ at 14 bits and 1 GHz BW
: mplln rate 2 GSP , 64516 points, no averaging
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photodetection AC signal (mV)

0
0,804 50 Torr, 5 cm abs. length it y‘ il ’ | |
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RIS 9 (GHz) 0 250 500 750 1000
« Simulated experimental transfer function acquisition time (us)
-conversion of fluctuations Af <-> AV via slope 2.0x10°™"
« Fast data acquisition ) 1a
-sampling oscilloscope at 2 GSPS q\_g 1,x10 : ;N‘
-MW spectrum analyser with BW>1 GHz o 105G j2 -
. . . . < _ 5
« Conversion of the photodetection signal in |
[ -12_ -
kHz-level frequency excursions 5,0x10 L
o 250 50 750 1000
frequency (MHz)

10 kHz RBW, 400 points, 0.6 s averaging time/point
Constantin, Proc. IFCS-EFTF 2023




* Conclusion LU- gg'i’ﬁfglte %’% @

» Accurate determination of sensitivity coefficients to y-variation for C,H, and |,

reference transitions
» Enhanced sensitivity from MW transitions and frequency splittings

» Evaluation of constraints from expected performances in precision measurements

> Laser spectroscopy experimental setup at 194 THz with precision at 10-12|evel

that exploits the REFIMEVE network signal

« Compact and robust molecular spectrometer
* Fiber-coupled components enabling easy integration into optical fiber networks

Thank you for your attention !
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