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Matter vs. antimatter

* Baryon asymmetry of the Universe — CP violation (CPV)

Matter Antimatter

° Q_QCD S 10_10 n LQCD (bounded by IIEDM, 0_ X 10_16 e - Cm)

— strong CP problem

* Peccei-Quinn theory: U(1)pq

CP-violating angle H_QCD — CP-conserving dynamical field

* Spontaneously broken U(1)pq — Nambu-Goldstone boson: axion

See Mon. Axion Review from Y. Semertzidis

Ref.: R.D. Peccei and H. R. Quinn, Phys. Rev. Lett 38 (1977), 1440-1443.
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A new short-range spin-dependent interaction?

* Moody and Wilczek: CPV 9s9p
A new short-range, spin-dependent macroscopic force?

* Allowed couplings for spin-0 bosons : scalar (gs) and pseudoscalar (g,) vertices

* Mediator particles:
— Axions Unpolarized Polarized
 Fixed relation between its mass and its coupling to other SM particles

« 10738 eV<m, <1072 eV — axion window

* Ogcp S 1071% — bounded by nEDM constraint

— Axionlike particles (ALPs)

* Beyond standard model theories

e Unrelated to H_QCD — not constrained by nEDM limit Refs.:

' 1. J. E. Moody and F. Wilczek, Phys. Rev. D 30
* Dark matter candidates (1984), 130-138.

2. S. Mantry, M. Pitschmann and M. J. Ramsey-
Musolf, Phys. Rev. D 90, 054016 (2014).
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The nEDM spectrometer

 Located at the Paul Scherrer Institute, Villigen, Switzerland

Four-layer magnetic shield

Vacuum chamber Magnetic-field coils
orecession cel Electrode (Cu) * Set the currently most stringent nEDM upper limit

* Now commissioning n2EDM

UV light source Photodetector

(see Mon. nEDM from G. Ban & G. Pignol)
Mercury polarizing cell Electrode (Al)

UV light source

Cesium magnetometers

Measure spin-precession
frequency of stored
ultracold neutrons (UCN)
under a constant magnetic

field B,

fon = YnBo/2m

5T-magnet
& D D Spin analyzers

Neutron detectors
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Measurement principle

* Pseudomagnetic field

y: Gyromagnetic ratio Npot = Naj = 1.6 X 1039 m™3
m: Mass Ntop = Ngy = 5.4 % 10°° m™3
A: Interaction length H=12cm

1

pn (2) = T

07/08/2024

Th)\z [H (Npot — Ntop) — 6 (2) (Npot + NtOp)] (1 B e_a/)‘) (1 _ e—H/)\)

2yTmT H?

(1 N 12 (2) Z) a=25cm

H? R = 23.5cm
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Observable: precession-frequency ratio A2

- Ggrav)(2) RT — R} t
UCN grav * —
(I:I: B + Bo +5else>q bien = R RE | Bo| q 9s9p

(Bn) + (BHg)

(z) < 0: center-of-mass offset of UCN

Strategy:

__dB,
grav = {4

observe £ under different G

Hg

Systematic effects:  deise = 0T + dmarth + Olight + Oinc + OJNN UCN
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Ramsey’s method of separated oscillatory fields

Ref.: N. F. Ramsey, Phys. Rev. 78 (1950), 695-699.

One measurement “cycle”

polarized | a o ' \
neutron ' - : Asymmetry
n,rf - 0SC nr - 0SC
external
clock
nitial free final
state precession state w— all+ Guiding coil
\ Y A Y A Y } ite Spin-flippers
RF shielding
T=1995s T=180s T=1995s

=17
Yoke +Magnets

Mechanical

See Tue. BeamEDM
from I. Schulthess In phase

structure *» Analysing foils

N UCN detectors
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Ramsey pattern

One measurement “run” ~ 10 cycles

Constant G

grav

Different f

Aote— cos[2n(Rrr—R)T "< frg>]
Aoe = —0.027(3)

a = 0.660(3)

R = 3.8424487(8)

X2y =9/7

3.8422 3.8424 3.8426
RRE

Offset

NT — NV l /
=— ya ~ Aot — acos 27 (Rrp —@)T (fug)]

T T

Visibility (Ramsey contrast) Resonant 2

A

T' =T + 4t /m (effective time)

(f Hg> average fyg of all cycles
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Determination of G

grav

by Goray (2)
1 :I: UCN :I: grav + 56186)
( | Bo| |Bo|

/4
Rm:(ﬁ)/ :‘%

ng YHg

Polynomial expansion (Cartesian coordinates)

+(1+1) Ty 1 m(T)
B (1‘) — Z z Gl,m Ty 1m (1‘)
U m=—(1+1) 4 \ 7, (1)

1T} - harmonic polynomials in x, ), and z directions of degree /, order m.

Expansion coefficients — Gradients

8 8 +112

3H?2 3R? 5R* 3R%H? 3H* H =12 cm
20 2 | T Os0

Ggrav = G1,0 + G3,0 ( - R = 23.5cm
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Combining online and offline measurements

07/08/2024

Online CsM data —|— Offline field maps

15 CsM during data taking e Mapping campaign
Scalar magnetometer (z) * Three-axis fluxgate magnetometer (7, ¢, z)
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Synthesized data

Online CsM data & Offline field maps

random errors with standard deviations Ulr;f;p
6 +(1+1) l
Create test field Btest(r ) Z Z Gmap + 5map) nl’m(ri) ,Vie€|[1,15]
=0 m=—(1+1)
Remove map .
higher-degree B flt(r ) +|B teSt(r )l B Z Gy nz,l,m(r )
fields
Perform

polynomial fit

Ref.: P.-J. Chiu, Doctoral thesis, No. 27760, ETH Zurich (2021).
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* Two indicators:
— Algray = Ggray — Gfi“tav (Gsyn = Gmap + 5map)

grav

Synthesized data

Online CsM data & Offline field maps
O-Ggrav o

syn Z 2 3H?2 3R2 2 2 5R* 3RZ2HZ 3H% 2
O— - O— - — — — O‘ - —
Create test field Goray ( G{}},) +( G§}5> (20 4 ) +( G§}5> ( 8 g T 112)

Remove * Optimal method: Gyo¥ Gao® il
higher-degree
fields +|Bt ()] Z Gy gy m (1) Z G Ty m (1Y)

Perform
polynomial fit

— |AGgray|~2-3 pT/em

T OGgray < 3.8 pT/cm (B,up) and OGgray < 4.5 pT/cm (B,down )

Ref.: P.-J. Chiu, Doctoral thesis, No. 27760, ETH Zurich (2021).
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Visibility parabola

NT - Nt

A Aot —@COS 27 (Rrr — R) T (fug)]

T NTENY

A Ggrav) = c(Ggav—go )2 +ag
¢ =(-1.0+0.3)x10~*
go=— (pT/cm)

@p = 0.69+0.01

(Y( Ggra\') = ('(_ Ggra\' —&2o )1 +Qo
¢ =(-1.0+0.3)x107*

g0 =0.02+3.7 (pT/cm)

ap = 0.67+0.01

15 =5 0
Ggrav (PT /cm)

-25 -20 -15 -10 -5
Ggrav (PT/ cm)

Correct the effective G, with a g, shift: -2.2 pT/cm (B, up) or 0.02 pT/cm (B, down)

Unprecedented precision on G, of 4.05 pT/cm
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Crossing-point analysis

Tn

iyl
R/ — (fll) —
ng

(1:|: %CN + Ggrav <Z>

VHg | Bo By

A B() up

v By down

—-10 0
Ggrav (PT/ CIll)

R 56186) 50150 — CST + 5Earth =+ 5light =+ (5inc + 5JNN

\ J
|

No shift

R = 3.8424563(08)stat (36)sys
RY = 3.8424622(12)sat (59)sys
(z) = —0.43(2) cm

Yo/ VHg = 3.8424574(30)

Gx =—1.9(5)pT/cm

Refs.:
1. C. Abeletal., Phys. Rev. Lett. 124, 081803 (2020).
2. C. Abeletal., Phys. Rev. A 99, 042112 (2019).
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New exclusion limit

buen = Ri T R

—} gsg;,)\2 < 83 x 1072 m?

Rt — RY
[Bo| = (—0.80 +0.96) pT

UCN/Hg 2015

Improves our previous limit by 2.7
Best limit obtained with free neutrons

Outlook
n2EDM

New J. Phys. 25 (2023) 103012
(DOI: 10.1088/1367-2630/acfdc3)

Refs.:

l.

K. Tullney et al., Phys. Rev. Lett. 111, 100801 (2013).

2. M. Bulatowicz et al., Phys. Rev. Lett. 111, 102001 (2013).

3. S. Afach et al., Phys. Lett. B 745, 58 (2015).

4. M. Guigue et al., Phys. Rev. D 92, 114001 (2015).
07/08/2024
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https://iopscience.iop.org/article/10.1088/1367-2630/acfdc3

Conclusion

* Axionlike particles (ALPs)

— are promising candidates for dark matter

— couple to fermions via scalar and pseudoscalar vertices Nucleon K2 8 JCN

* A new short-range spin-dependent interaction
— manifests as a pseudomagnetic field byjcy

— influence f;

* Measure R = f,,/ g under different Gy, for opposite By polarities
*  Ggray: online CsM measurements + offline field maps — unprecedented estimation on Ggray

*  bjcn — gsgpA® < 8.3 X 107%°m? (95% C.L.) in an interaction range of 5 um < A < 25 mm

— Best result obtained with free neutrons

Thank you for your attention!
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Statistical

* Four effects were considered as stochastic uncertainties:

Neutron counting statistics

Uncertainty of the estimated HgM frequency
Magnetic-field-gradient G, drift between cycles

Ramsey-Bloch-Siegert shift induced by the /2 pulse of the HgM onto the UCN spin

 Average uncertainties of each effect for all measurement cycles

07/08/2024

Effect / 1 x 10~ By down

Neutron counts
HgM frequency
Gradient drift

199Hg spin-flip pulse

Total stochastic effects
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T h e g rav I tatl on al S h I ft 5 grav Vertical magnetic field gradient

R — (fn)m _ ‘ % (1 . Ve, G (2] 5) 5. By Gerav (2)
fiig Vg [Bol [ |Bol © (B:2) g | Bo|
3H? 3R? 5R* 3R?H? 3HY
G rav — G G — = —_—
g 1,0 30\ 5 )T Gs.0 3 s
Bo down Error budget on R

vt =59x%x 1077

0.66
OR
grav

= 0.64

a( Ggm\') = C‘(Gglﬂ\ —go)l‘*'ﬂ’o 0.62 G’(Ggmv) =« Ggm\ —go)lﬂl’o
¢ =(-1.0£0.3)x107* ) c=(-1.0£0.3)x107*

0.60)
go=-2.2+2.2 (pT/cm) g0 =0.02+3.7 (pT/cm)

@ = 0.69+0.01 5 ap = 0.67+0.01

-15 -10 -5 0 3 0 5 s 25 =20 -15 -10 -5
Gray (pT/cm) Gerav (pT/cm)
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T h e tran sverse S h I ft 5 T Residual transverse field

RT/‘L — (fn>T/\L = e (1 + TJCN + Ggrav <Z> + 6else> 58186 :+ 6Ea,rth + 6]ight + 5inC + 5JNN
SHg YHg | Bo| | Bo
(B1?) 2 2 2
or="gs (Br')=(ABI+AB))  AB. =B, —(B)

ABy — By — <By>

Systematic shift on R

For each run, the resonant R deduced from Ramsey fit was corrected for ot

Error budget on R
RL=(73+47) x1077

Reproducibility 9(B2) of the field maps - (6.4+41) 10-T
= (6. 1) %

Ref.: C. Abel et al., Phys. Rev. A 106, 032808 (2022).
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Earth rOtatI on 5 Earth Rotating frame of reference

R/

Tn
TH g

T Ggrav (2)
1+ IR T ald + 66186) 5e se — 5 + 6 ar + 51 + 5inc + 5
( |B0| ’BO’ | T ]ght JNN

fa /4
“() -

OBurth = F (fEarth + fEarth) cos (fpgr) = F1.4 x 107° cos (fpsy) = 0.738

fn ng

Opgy - Angle between the B direction and the rotational axis of the Earth

Systematic shift on R

07/08/2024

For each run, the resonant R deduced from Ramsey fit was corrected for dg,rtn
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H g I I g ht ) h Ift 6]1 ght Resonant UV laser beam traversing the precession chamber

Tn
TH g

e
R/ — (fn) —
ng

* Gorav (2
(]- =+ |UB(i)1\|I =+ g’-;O< > + 66186) 5else — 5T + 5Earth + 6inc + 5JNN

The vector light shift:
The projection of the magnetic field of the photons onto the B direction RI/L = (1.5 £6.9) x 1077
(depending on B, direction) R%/L = (1.2+54)x 107"

The direct light shift:

The spin precesses at different frequencies; faster in the excited state RE/E = (0.4+£0.8) x 1077

(proportional to the light power)

Error budget on R (. —7 Refs.:
Rlight I (1'9 - 6'9) x 10 1. S.Afachetal., Phys. Lett. B 739, 128 (2014).

— 2. M. Fertl, Doctoral thesis, No. 21638, ETH Zurich (2013).
R¥ . = (1.6+5.5)x 1077 ’ = =
light ( ) 3. C.Abel et al., Phys. Rev. Lett. 124, 081803 (2020).
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I NCcoO h ere nt SCatte I | n g 5 inc Spin-dependent nuclear interaction between UCN & Hg atoms

Tn
TH g

e
R/ — (fn> —
ng

Ggrav (2)
1+ UCN T ald + 66186) 5e se — 5 + 6 ar + 61 + 5inc + 5
( |B0| ’BO’ | T Earth | ght - JNN

Pseudomagnetic field _
Nyg: Hg number density

B* _ 41h Niwbio P 1 bine = -I_.-15..5 fm: incoherent scattering length
g
mnfyn I+1 + 1 P: polarization vector
I =" Hg nuclear spin

In case of an imperfect Hg /2 pulse

vy Yu | B 4dmh
‘_Il 5inc =+ - | ‘ = + NHgbinch
THg |ng | YHg BO \/gmn
Error budget on R
Refs.:
a%i’c <5x 107" =mmp Negligible 1. V.F. Sears, Neutron News 3, 26 (2006).

2. E. G. A. Chanel, Doctoral thesis, University of Bern (2021).
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Magnetic Johnson-Nyquist NOISe Jjny  Magnetic-field fluctuation

C Glgrav (%)
1+ UCN + grav 6@ . _ | |
( |B0| ’B0| —I_ 1 ) 56188 6T + 5Earth —|— 511ght —|— 511’16 _|_ 5JNN

Tn
THg

il
R/ — (fn) _
ng

(Bn> + (BHg>

Finite-element method to estimate time-and-volume-averaged field

(Bug) = (B)| = \/<Bx)2 +(B,)" + (B, + B,)?

(Byen? = (IBlpucn(2)) = <\/(Bx)2 + (By)z + (By + B;)?* pn(2)

Vo ~=cas | -

Discrete Biot-Savart law

Error budget on R ngi
ip

Ho Z Z I (@Al x (r—1Y})
_ B(r,t) =—
oHY <1x107° memp Negligible nt) =2, T

r -7}

Ref.: N. J. Ayres et al., Phys. Rev. A 103, 062801 (2021).
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