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The intensity- and precision frontier

B Complementary way to search for new physics

B \We are looking for rare events, and small energy shifts
P Indirect search, to see the "footprint” of new physics by
orecise observation of particles, in forms of:

*
......

~1000 TeV

Forbidden decays /
precision decays

. -
- gzﬁ .

Energy shifts in
interactions



Hydrogen - comparison to other exotic atoms

» Orbits: r~1/m,Ey ~ m/n2

=+

» Fine structure: LS coupling - spin- and angular

momentum of the orbiter, Dirac equation
Lamb: shifts from various QED corrections

€ Hyperfine structure: nuclear spin
» antihydrogen » Finite size effect, Eg ~ m3R2 » hydrogen
Muonium Muonic hydrogen Positronium antiprotonic He pionic He
. He™" He"™
. o O
e H y o+ I_) T
e = _
m,, ~ 200m, m,, & 200m, € 5
» reduced mass: m/2 SRS |
: . » rel. 3-body » Pion: spin 0 boson!
» No finite size > orbits 200-times » roughly half the QED Klein-G. equation
effects! closer to the hydrogen energies |
» Lighter nucleus proton (twice the radius) > 3.-body .pr.oblem,.exmted Rydberg state
larger recoil ' » sensitive to finite > no finite size effects » First splitting: antlproton/!alon angular
» Large QED effects size and nuclear » large QED effects and momentum + electron spin
effects recoil correction » 4He: no nuclear spin!

m
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Precision experiments in ion
traps
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CERN facilities - creating antiprotons
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- The Antimatter Factory @ CERN

LINAC2

Z(r;gzgraﬁon Antiproton
production
AD
Electron ELENA
cooling
Exp

» Ca. 3x107 antiprotons from
PS on iridium target

¥  »FromE~3 GeVto E=5.3
MeV deceleration in AD

» Further deceleration to 70

keV in ELENA, few 10¢
antiprotons in ~2 min cycles
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Necessary ingredients for baryon assymetry (Sakharov’s conditions)

Violation of B, L, CP...

= CP violation:
= Too small to explain baryon

asymmetry (SM only explains 10-10 -—?—:'—cf——?—_«;‘___j
of what we need!) DN L b, Wpme W g
= Need new phenomena. gl S Slingng i i T
. synthesized known galaxy
= Many theories, such as:
= CP ;nolatlon in the leptonic - Violating CPT has huge
sector

consequences, means also Lorentz

= Lorentz/CPT violation . .
violation
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The challenge of making measurements with antiprotons

Other exotic atoms:

Only way to keep p in the
vicinity of matter

Both antiprotons and
positrons must be captured
in electrostatic fields

~ p = \ \ ‘ W,
ARV
! ~ v ,
e /: éi’;é}\ﬁgﬁ ‘: sir
... how
Hollywood
Imagines it
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lon traps - the Paul trap

In 3 dimensions, we can't

construct a static electric Changing polarity at a

potential that traps in every given frequency (rotating

direction.

the saddle) can trap a

particle of a given g/m

Best we can do is a saddle. tio
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Working principle of a Penning trap

axial harmonic
potential

radial confinement
with magnetic field
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Penning trap - electrode configuration

* The ideal trap electrode shape is « Simple modifications make it
difficult to manufacture easier to make:

""-—u_.-l-"""l

eno‘capj <

correction

ring

correction -

enc‘cap—d_ =
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Classical motion in axial and radial direction

0
¢ The magnetic field I3 — 0 confine the particle in the x-y plane.
B
C - o Vo & . . . .
e The electric field £ = V¢ = ¥ 1Y confine the particle in the z-direction
' -2z
e Classical motion:
- S Vi x = 0
mc’i=q(E+£><B)=‘—0 Y +g-x| 0
c 202 c
—2z B
— Z-axis: mz'! = —q—‘,{'z
.dz e e : qVo
= harmonic oscillation in axial direction z = zy cos (w;l + ¢;) Withw, = 3
™
iy . : . el3
— X-y plane: - Only B-field in z-direction — pure cyclotron motion w. =
e
- Adding the small electrostatic pot. ¢z, = %(mz + y4)
— magnetron motion and small modification of cyclotron frequency
@ ON
. . + g s (w0 5 eB eB \2 eV
T | _ r cos (w4t + o4) | ©o® (w—t + ¢ ) b = n ( ) n 02
Y sin(wyit+¢y) sin(w t+¢ ) 2me 2me 2md
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Classical motion in a Penning trap

Axiale Bewegung

i AVARVARVERVIRVAAVARVER

t (Zeitachse)

e In experiment:
Zyklotron- und Magnetronbewegung Zyklotron-, Magnetron- P
] und axiale Bewegung Wi Wy W & 107:103: 1

e w. : Cyclotron frequency

e w_: Magnetron frequency

z-Achse

e w,: Axial frequency

x—y—I_Ebene x-y-Ebene

elektrischer
Potentialberg ¢,

hohes elektrisches Potential
— kleine Kreise v

-

dem Hang zugewandte Seite

—_
—
—
—
——/
—

_— — -

niedriges elektrisches Potential
— groBe Kreise

dem Hang abgewandte Seite [M. Wagner]
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Quantized energy levels in a Penning trap

All degree of freedom of
the motion can be
described as quantum
mechanical oscillators

Magnetron levels are inverted
since the motion is unbound

TNIJS j ‘#“‘hwz
! A ! hwem

!

CyC|OtrOﬂ Spin axial mag.ne’[ron
f damping quantum
FOQUELEY time number
spin ws/2m ~ 149.7 GHz | ;! =~ 5 year | m, = % or mg = —%
cyclotron | w’./2m ~ 149.5 GHz | 7' ~ 10 s e = 5.6 X 10732
axial w,/2m ~ 115 MHz | 7.' ~0.03 s n, = 100
magnetron | w,,/27 ~ 48 kHz vt~ 101 s M = 100
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Measurement of g factors in Penning traps

We want to measure is g, which is We measure the B-field in the same
proportional to the energy needed for a system measuring the cyclotron
spin flip frequency from a cyclotron jump
heB
= J2= he B
2 m Fge = ——.

N S

Eliminates the B-field and the

W vV
g _Ys _ 2 mass dependence
2w, U
Complication n=2
Ye
Experimentally, a Penning trap is used to keep the electron in a small , - Va —, n=1
. - r . . n=
region of a homogeneous magnetic field. An electron in a Penning trap . Ve
has three orthogonal motional modes, a cyclotron motion in the Penning : “| va .
Nn=
trap w),. slightly modified by the electrostatic trap potential, axial motion 7, / gve/ 2
- C
@,, and magnetron motion @, . Connection: B 5 5 n=0
W =40, T0O_ T+, 14D 11>
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Measurement princliple of magnetic moments

cyclotron frequency ¢. B

— WV, =
B 27Tm
AAAAA i
. A
. I T b
ring (P
4 U<
end cap

Brown-Gabrielse Invariance Theorem
2 2 2 2
vV, =V, TVt

BT magnetron motion /_

reduced

axial motion V/,, ,
cyclotron motion 2/

Low Energy Particle Physics, Zuoz, Anna Soter

Larmor frequency

vy, — (

1)

—< IAE — hVL
1)

3mm

B, (Tesla) - 5.67

-0.4
T

-0.2
T

4mm

0.0

end cap

compensation |
iron ring

compensation

end cap

b

distance (mm)

axial motion sensitive to spin state

ETH:zurich
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Measurement in separate trap locations

€ e
o =—B w, =¢g—2B
C L g
Cyclotron frequency o, Larmor frequency

—

BTAAT
T

2 2 2
@, =\/a)+ +o +o,

w, ~2r-29 MHz N
a)z 5 2” g 690 kHZ ax’ma’r‘:a'gjgnetran

o ~2rx-8.5kHz
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Axial frequency detection

Penning trap

[ h 4] resonator

LR = Al amplifier

CHT 1 —=¢,| |R, <L signal
| | > I
Iy 1]

(a)

The particle oscillates in axial direction inside the Penning trap,
and induces image currents in the trap electrodes. Depending
on the strength of coupling, it thermalizes

particle
¢, —— [
R L Rln U,',-,
’ & P
l O A VI >—>
(b) = = = =

» Axial dip with single particle

' '
(o] ~
o o

FFT signal (dBV)
©
<2

- 100"

-110+

60

90 100

freq - 640 kHz (Hz)

In thermal equilibrium, the particle shorts
the thermal resonator noise at the axial
frequency, that appears as a dip in the

FFT spectrum

ETH:zurich 18
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Measurement of the cyclotron frequency

Gabrielse cyclotron ve =150 GHz too high to
frequency detect directly
axial v, =200 MHz relatively
frequency easy to detect

Couple the axial frequency v, to the
cyclotron energy.

indicates a change in cyclotron
B energy. B, =B, +B,z’

% Small measurable shift in v,

Is “not” possible to directly detect the cyclotron frequency
— Couple the cyclotron and spin frequencies to the axial frequency
When a spin or cyclotron jump occurs — small but measurable change of the axial frequency.

Low Energy Particle Physics, Zuoz, Anna Soter ETH:zurich 19



Typical electronics for axial eigenfrequency detection

' --------------- -I l I

| T | |

1 11 I

! B '

i ® — : EARN

i B : FFT

| T | |

| 1 1 |

| I ;1 1

| I ;1 1

1 11 ]

| | '

1 : 1 : _1

| 1 | 1 8

1 11 1 D

| 1 1 |

| 1 1 |

1 11 I

1 11 1

1 11 i

| 1 1 |

1 11 I

| T | |

| 1 1 |

1 11 ] .

: : : : Frequency

1 1 1

: : : : lon is resistively cooled until it

: : : : reaches thermal equilibrium with

: T : ] the tank circuit

1 n :

1 11 ]

1 11 I

| 1 1 |

1 11 I

| T | |

L J J
Oscillating ion Tank circuit with high Cryogenic ultra low- Fast Fourier Transformation to
induces image charges impedance noise amplifier obtain the frequency information
in trap electrodes R, =50 MQ e, = 400pV/ VHz

Q = 3200 i < 10fA/ VHz

Sturm
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Detection of a cyclotron jump

14)
;g 3)
% —eo— 2
©
>
<L

—e— 1) |n=1
—e&— |0) | n=0

7 —

1
H,+H, = §mwgoz2 — fhs o B2

Av
2~ 2 x 1078 (gms —I—n)
Vi ).
» To produce a cyclotron quantum jump a microwave (C) 4 n_=1
drive is injected in the trap so that for 20% of the fi =Ve =50
time is inducing a transition from n=0 to n=1 - ./ﬁj/nj%

» A successful quantum jump is observed by

measuring a tiny shift of the axial frequency N=0 ——

m,=-1/2 m,=+1/2
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Classical- and continuous Stern-Gerlach-effect

CLASSICAL CONTINUOUS » Axial frequencies are modified depending on
SEPARATION IN POSITION SPACE  SEPARATION IN FREQUENCY SPACE
Z A L
B B : o

1 2 I
O
Q.

(c)
_ _ L axial position z
Az = Ao = B,

» With axial measurement in the analysis trap,
the spin states can be analyzed

Low Energy Particle Physics, Zuoz, Anna Soter ETHzurich 22



Quantum jumps spectroscopy: Cyclotron jumps

n=2

I $ —T—n=1

fo = V¢ - 38/2
n=1 —_l_n=0
n=i
14 1)

Q Ppe e N = 2
S 30
E 20 b———- Wy —————- n="1
@ 10 | -
N0 Fowarmt ————astapeten| N = 0
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-With the e-in the |0,1) state, pulse
the cyclotron drive (150 GHz)

*|_ook for excitations ton = 1

*Make a histogram of excitations
versus frequency

(v-1.)/ppb
-2 0 2 4 6 8
- 012 | '
O
§ 0.09 ¢
——
5006 J
"(.'U' a
5 0.03 ¢
6 @ ® s 880 o
0.00 2 ) L I N . ‘ .. ) * » )
03 00 03 06 09 12
(v-F)/kHz
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Must mention: electron g-2

Measurement of the Electron Magnetic Moment

X. Fan,»2:[ T. G. Myers,2 B. A. D. Sukra,? and G. Gabrielse?:[|

! Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
2Center for Fundamental Physics, Northwestern Unwwversity, Evanston, Illinois 60208, USA
(Dated: September 28, 2022)

The electron magnetic moment in Bohr magnetons, —u/pup = 1.001 159 652 180 59 (13) [0.13 ppt],
is consistent with a 2008 measurement and is 2.2 times more precise. The most precisely measured
property of an elementary particle agrees with the most precise prediction of the Standard Model
(SM) to 1 part in 10'?, the most precise confrontation of all theory and experiment. The SM test
will improve further when discrepant measurements of the fine structure constant o are resolved,
since the prediction is a function of a. The magnetic moment measurement and SM theory together
predict o' = 137.035999 166 (15) [0.11 ppb]

arxXiv:2209.13084v1
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BASE experlment

Single antiproton in trap, §o A Reservoir
4 - N tra
Compared to proton: Baryon wt % g X Comagnetometer
i =, > | Raypy oy Analvsi
Antibaryon Symmetry o = e e NS trap nalysis
Experiment: BASE @ CERN : ' KRR
‘,(I( @

(
r
.

e

)

Measurement of the cyclotron frequency: Q Result: comparison of the p and p Q/m
- % B k__,,,,,; ra’_clo and g-factor (magnetic n:)
mp /\i/ Y/\‘y 5 = 2.7928473453(30) = ”BarYon
Spin-precession (Larmor) frequency: ‘ //é%f/”\"/\’\/osz.‘.ﬁm (j/m) | Asymmetry"
‘ O o D _ —12 -
WL ~ QEP%B = Gp = 25—; e (g/m), +1=300xAD Nature, 524 196-199, (2015)

Nature 550, 371 (2017)
Nature 601 53-57 (2022)
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Single antiproton / proton in a Penning trap

Fundamental properties of conjugate
particles/antiparticles are supposed to be identical.

Test of fundamental symmetries:
CPT invariance is linked to Lorentz-invariance and
the construction of Quantum Field Theory.

M. Charlton, S. Erikson, G. M. Shore, “Antinydrogen and Funcamental Physics”,
Springer Verlag, ISBN 978-3-030-51713-7 (2020).

The matter excess in the universe is not understood.

Antimatter abundance is irrelevant on cosmic scales,
e.g. composition of high-energy cosmic rays,
absence of annihilation radiation

R. Kappl et al., J. Cosmology Astropart. Phys. 09, 051 (2014).
S. Dupourgué, L. Tibaldo, P. von Bzllmoos, Phys. Rev. D 103, 083016 (2021).

No process that is asymmetric in the production/annihilation of
particles and antiparticles has been observed.

Low Energy Particle Physics, Zuoz, Anna Soter

Universe is asymmetric in matter/antimatter

<10~ 5*\ 4.6 %
’ . L Antimatter?
-

= Matter
=1 Dark Matter
1 Dark Energy

‘I
ko ¥ O
F s 0
I . £ '
P, -J

ETH:zurich
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Usual measurements: charge to mass & magnetic moment

Cyclotron Frequency

Wep  qp/Mp
Wep  qp/Myp

Or any other ratio of masses

Low Energy Particle Physics, Zuoz, Anna Soter

Larmor Frequency

I

Smorra

ETH:zurich
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Precision measurements - with new physics?

Larmor Frequency modifications Cyclotron Frequency modifications
! !
AAw T°) I n,+1')
1) —tm 1) 4+ 1) - The!
hw, .-- o
hw, Iny) . =IO )
We - n.-1
) n,-1) - i
Lorentz- and CPT-violation
Axion wind / Axion-like particles Lorentz and CPT-violation
(Permanent electric dipole moment) Antiproton gravitation anomalies
Ag q -
q U rav
AwC=A(— B+ (3a—2)-2
2
m C
Standard Model Extension: Y. Ding et al., Phys. Rev. D 94, 056008 (2016). EDM: D. Budker, Y. Semertzidis et al., (in preparation).
Axions: P. Graham et al., Ann. Rev. Nucl. Part. Sci. 65, 485 (2015).  Antimatter gravitation: R. J. Hughes et al., Phys. Rev. Lett. 66, 854 (1991).

C. Smorra, Y. Stadnik et al., Nature 575, 310-314 (2019).
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First generation precision measurements with BASE

05 — Antiproton
a 20
— Proton |
04 L, 10 Nin
n? < ;”E‘f’s g? Fad
0.2 52 10 15
01 -20 6521 frequency ratios
0 5 10 15 20 25 30 3 0  0.05 0.1
00 ____._.4' Time (days) Fraction
-40 -20 0 20 40
(T-2)/3) (ppb) Fafind)
p —12
g 9p _ +1=1(64)(26) x 10
=L 2P <03(83)107° (q/m),
2 2
C. Smorraet al., Nature 550, 371 (2017). S. Ulmer et al., Nature 524, 196 (2015).
G. Schneider et al., Science 358, 1081-1084 (2017). G. Gabrielse, Int. J. Mass Spectr. 251, 273-28C (2006).
Wrp/p _Y9p/p _ | Pp/p Wep qﬁ/ 17
We,p/p 2 HUN Wep  qp/Mp
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Single antiproton / proton in a Penning trap

radial confinement: B = BO‘% — . LowNoise
Ar"p
2
. , 2 P
axial confinement: ®O(p,z) =V, (z Y ’ {: B C}—
; \
- | | Resonator
! nJT currents 1fA
Modified Cyclotron s l Axial Motion ol
Motion “;“-t' ¥ l v, ' » | :ﬁ:;mto: ¥ippcd
N Vv \ ¢. °-f T:' g o
Magnetron Motion é = = ::J J’"’_,.'
V_ ) W l"f A
n = L by q,\ |
Axlal v = 680kHz el ”‘"i l"\ I 'M} iw
132 - |
“53)(' 515100 B2 5800 E45E00 615700
Magnetron v_=8kHz Frequency (Hz)
Modiﬂed : I V+ =28,9N[I'Iz Resonator loroidzl coil
Invariance-Relation  Cyclotron Frequency Cyclotron frequency relates .
1 g measurable quantity to =950 1200
2 2 2 — . Q = 200k - 502
v, = \/v+ +V_ +v, v, = o m‘i B fundamental properties of K = /
trapped charged particle
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Measurement of proton / antiproton magnetic moments

d C.Smorra et al., Phys Lett. 8 769, 1 (2017)
03 |

vvvvvvvvvvvvvvvvvvv

E J Ve ) e
dmc.J|t G | h E ff t :‘3 N i A . " " ." : ’
5 . ap
e r a C e C + +D? !
UM RAM A A MR AN A |
.3 1 ) 4 =0

Hp _Y9p ep/Mmp VL

UN 2 ep/mp Ve —
3| R LN
| == |mage Current ; zfifgg"r;w-

Measurements & i1

S. Ulmer et al., PRL 107, 103002 {2011)

Slides: S. Ulmer
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Continuous Stern-Gerlach effect with antiprotons

Energy of magnetic dipole in
magnetic field

Py =—(1p - B)

2

. . e P
Leading order magnetic field B, = By + B, (22 — 7)

correction

This term adds a spin dependent quadratic axial potential
-> Axial frequency becomes function of spin state

W, B- B
myv, Vv, -
- Very difficult for the proton/antiproton system. s |\ emden hAv.=0.8n0V
®
B,~300000 T/m? g
o
- Most extreme magnetic conditions ever applied to single g _
article. .’@ mpinup
g Av,~170 mHz S et e

Position (a. lin. u)

Single Penning trap method is limited to the p.p.m. level

Slides: S. Ulmer

(requency I\/leasuremem

Spin is detected and analyzed via
an axial frequency measurement

& | 9

%)- spin down

E o

- spin up

© >

ftom

s 3

‘-3' 104 R

§ O '—J 3 B

-1.:;5 w9 500 201 502 503 504 5;5
deive frequency (MHiz)

v Ulmer, A. Mooser et al. PRL 106, 253001 (Zﬂy
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Below - ppm measurements

-
Anliproton ] ‘

beam

Reservolr trap

-

I1cm

-

2
\ ‘.( -
q S

— Comagnetometer trap

of driva line

\~

LI

\ Analysis trap

-
A

Ay
— “"‘-
("(

calehing : < Spin flip coil
elaciinda [ .
Static « .
vz p = 798 kHz electrode ' = ~
Q=20,000 ¢ =3’ Eleclron
Axial detector o~ ik beam
vy =676 kHz Cydotron detector ==
Q-6,500 /=20 R5A kHz =4 Axial delector
é; 1,500 ;_:,:i Y S €74 kHz
Q= 28000
b & 0.8
1.0 4
v, 7 18.727 MHz P v ar=52.337 MHz
0.8 = 041
o - 2
\ -
L o6 \ 3
2 ; a
= . a 02
w 0.4 \ <
| \‘,\ ;Q
0.2 - ' 0.0
0.0 T L] T Y T Y v ‘J" v 1 v L} v )
-0.02 0.00 0.02 0.04 005 000 0.05 C.10 0.15 020

Drive frequency - v_ .y (MHZ) Crive frequency - v_ 41 (MHZ)

DOI: 10.1038/ncomms14084

Low Energy Particle Physics, Zuoz, Anna Soter

Two particle: Larmor partilce (L) in analysis
trap, cyclotron particle (C) in precision trap.
Measurement cycle (ca 200 s):

1. Initialization of the spin state of (L) in the
analysis trap with alternating spin-flip
drives and axial frequency measurements

2. Measurement of the cyclotron frequency
of (C) in 3 consecutive times

3. Particle (C) is transversed to the parking
electronde

4. Partilce (L) moved into the precision trap,
RF spin-flip pulse is initiaded

5. Particle (L) (C) brought back to initial
positions

6. Spin state of (L) identified

/. Cyclotron frequency of (C) are measured 3
times

ETH:zurich



Why reference it to He ions?

Electric potential (a.u.)

Position (a.u.)

Magnetic flux density (a.u.)

e Systematic uncertainties due to the particle
position are large (~107)

No significant uncertainties in converting the
mass ratio

my- me E, E, Qpolu-Bd
H _ (1+2 e b __ a n pol, O)
mpy mp, mp My my

Rypeo = 1.0010892187542(2) (0.2 ppt)

Measure free cyclotron frequencies

of antiproton and H-ion.

Low Energy Particle Physics, Zuoz, Anna Soter
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Magnetic moment measurements

Year Proton g,/2 Antiproton g,,,./2 Collaboration

2011 2.792 847 353 (28) 2.786 2 (83) 0.002 4 (29) Pask (ASACUSA)

2013 2.792 846 (7) 2.792 845 (12) 0.000 000 4 (49) diSciacca (ATRAP)

2014 2.792 847 349 8 (93) 2.792 845 (12) 0.000 000 8 (43) Mooser(BASE)/diSclacca (ATRAP)
2016 2.792 847 349 8 (93) 2.792 846 5 (23) 0.000 000 30 (82) Mooser/Nagahama (BASE)

2017/1 2.792 847 349 8 (93) 2.792 847 3441 (42) 0.000 000 002 0 (36) Mooser/Smorra (BASE)

2017/2 2.792 847 344 62 (82) 2.7928473441(42) -0.000 000 000 2 (15)  Schneider/Smorra (BASE)

v ' v Ll ' L '

) J.‘diSciaoca et al., Phys. Rev. Lett. 2012 .
=1 J.diSciacca et al., Phys. Rev. Lett. 2013 -

J. diSciacca et al., Phys. Rev. Lett. 2013

— - { —
A. Mooser et al,, Nature 2014

=1 A Mooser et al., Nature 2014 . = . =

1 H. Nagahama et al., Nat. Comms. 2017 :

A. Mooser et al., Nature 2014

C. Smorra et al., Nature 2017

1 C. smorra et al., Nature 2017 . . ‘

=1 G. Schneider at al., Science 2017 : -

' 4 2 0 2 4 6 ]
-5000 -2500 0 2500 5000

9./9,,.-1(p-p.b.)
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1987 1.001 159 652 1889 (43)  1.001 159 652 187 9 (43)  0.000 000 000 0005 (21) electron/positron 6*10°25 2x10712
2006 1.001 165 921 5 (11) 1.001 165 920 4 (12) 0.000 000 001 1 (12) muon (u~, 1) 1x10"23 3x10711
2017 2.792 847 344 62 (82) 2.792 847 344 1 (42) 0.000 000 000 2 (15) proton/antiproton 5% 1025 2 *10712
electron/positron
muon (u~, u™) -
proton/antiproton _
1030 1027 1018 10-°
sensitivity (GeV
SME: y (GeV) [
(Ly“Du —-m|— auy” - buysy“)t/) =0 g
uJ° spin transition
fo energy
(W0
-0, 0 —agy, 0 -0, 0 <
b,YsY _’bx( 0 x)+ y( 0 a, +Dz 0 o, '
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Recent improvements

Improved comparison of the proton/antiproton g/m ratios: || — ) /( — | = —1.000 000 000 003 (16)

Constrain of 10 ceefficients of the
Standard Model Extension:

B0 — Ry p,expOWL = 2R5 p expOWE 1<1.96x107% GeV

Differential test for gravitational

0 100 200 300 400 500 600 700

04 00

time (d) . _ o time(d) anomalies of antiprotons:
spospeh il & ey AR(@) _ 3GMSU"(a -1) L. )
\, i ' B 'D
Ryg 2 2P Tlow) 0

Property | Limit

ag —1 <18%1077
agp— 1 < 0.03

I E
(a) M. Borchert et al,, Nature 601, 53-57 (2022).

Slides: Smorra
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Limitations by magnetic field fluctuations

Impact on frequency ratio measurements in the BASE-CERN apparatus

2.9 x 10-9;

1.x107°

Block Stability

5.x 10710}

Block stability of

cyclotron frequency shifts:

ADon AD

on AD on

2.x107%¢

15x10°
 Intrinsic stability {

- 4
-

{{H}

Measurement Number

- il

Ve2i — Ve2i-1

Ve, 2i

;

About 45 mins per block,
40 frequency measurements
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BASE-Step: antiprotons outside BASE

Equipment to receive and transport antiprotons

[C] Beamline vacuum LHe filling/exhaust —_ Cryeccoler
[ 1078 mbar
[T 107 mbar Magnet cryostat
- 50 K heat shield
=16 “a V”
B 107 mkar Valve
-4 K heat shield
Inlet valve 7
Electrostatic Quadrupole B | LHe tank
deflector assembly l
— — — A pe r
X LG .. : % Trap biasing filters
———[> ‘ :
v - / \l
Pt
Ve / \ N
" Inlet chamber / / .
|~ Trap cnamber
-4— Beam Monitor / / mage-current deteclors
Differantial pumping section /
\alve |

Catching trap (ST) Storage Trap (ST)

1

Antiprotons from ELENA

Basis is the reservoir trap system developed in BASE, but:

* The trap system is inside a transportable superconducting magnet
* The trap can has an open injection/ejection channel for antiprotons

C. Smorra etal,, Int.J. Mass Spectr. 389, 10-13 (2015).
S. Sellner et al., New J. Phys. 19, 083023 (2017).
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Precision experiments with
antinydrogen

+
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Formation of antihydrogen

1) Direct spontaneous radiative recombination

I_)+ e-l- N H+ lll/, rsrl‘ ~ 'n'(’.Tﬁ .63

Dipole allowed free-bound transition that favours capture
iInto strongly bound state.

2) Three body recombination

S 2e—4.5
Pret +et T 4et, L ~nii]
Elastic encounter of 2 e* in the p continuum thus energy
transfer around kTe -> capture into weakly bound state
3) Charge- exchange with Ps

p+ Ps* = H" + e~ amwagn‘}gs

Necessary ingredients: high density, low
energy antiprotons and positrons

L ow Enerc

Radiative Recombination Three-Body Recombination

. N
e \ _,|""; ¥ et o
Principle @
Temperature depend. o T3 o T92
e* density dependence o« N, o M2
Final internal states n<10 n=>10
Expected rates few 10 Hz unknown
[J. Stevefelt ef al., PRA 12 (1975) 1246] [M. E. Glinsky et al., Phys. Fluids B 3 (1951) 1279]
positronium
ot N\ conversion
e+
laser
excitation
H* H* H beam
el O
M e Vi Pl 7 o ]
- P -
antiproton accelerating
trap electric field
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Trapping of antiprotons

a) Degrading Solenoid - B = 3 Tesla
* Capture dynamics m _
Solenoid (3 T) . e t=0s
Degrader ntlprotons X
’ RCUANT) Anti "“Degrader
T T l%-‘.‘f: ~.§;\ tiproton Capture Trap
P Ty - SN0 s
— ] R =: .“‘%-':-:_; ”«‘ *\‘*#‘(”‘ Cold electron cloud
5 MeV e, FNET SO IL N [cooled by Synchrotron Radiation, T ~ 0.4s]
e _:?;’_f;, /
'-.‘...\K } T —\t\_- ."" ~ 50 em >
b) Reflecting 99. 9% lost
—
Potential ~\__~ t=200ns
c) Trapping

[\« —
'\%otential N / =ik

d) Cooling

\Potential A / ens

[through Coulomb interaction]

Stacking up to 10° antiprotons
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Cooling and trapping of positrons

6-waysegmented
Rotating Wall electrode

Main solenoid Phosphor .
idi i Csl-diode
300 Gauss gundlng field Nal - detector ~ 1.5 kGauss screﬁn detector
| | £ | || Ll
Coldhead] [ ]I N . — ———
[ === o=t B = = 1 & J : ' |
T=5K ~ 5 million &' s™ ] B - 5x 10" °mb
75mCi 2Na million e*s ase pressurre: 5 x mbar
: Oilfree
ﬁ%lhder:g%nr turbopump Cryopump Cryopump
-1 Energy loss through collisions
2 Few
(5] oAno
5 million e+ /
SeC

(1) Source: Na-22, 545 keV, but moderation on solid neon

(2) Transport to main solenoid

(3) In main solenoid: 3 regions of decreasing density N2 buffer gas and potential:
- The gas provides the dissipation mechanism. To prevent annihilation: differential pumping.
- Rotating wall: makes the plasma spin faster, and squeeze axially (angular momentum

conservation)

- Lowering the electrode voltage evaporative cooling: plasma reaches several 10’s of degree

Kelvin

Low Energy Particle Physics, Zuoz, Anna Soter
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Transfer to mixing trap

Na-22
ﬂ, [ l n Cryostat Source
_ g F Positron Accumulator —
p ,il 3 T superconducting solenoid { g-‘-'=| | |jl = e+ N
= i aaal =
Antiproton N = =
Capture Trap Mixing Trap 1} j 0 1 m
(a)
3| __ /—\ - o
sy ?
P Transfer efficiency ~ 35%: Penning-Malberg trap
o 50 x 106 in mixing trap
;:' \ ‘i ,-/_\".\
D @2 Positron plasma :
=7 N r~2mm, 1~32mm,
e n~2.5x 108 / cm3

Potenal

Lifetime: ~hours
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Positron-antiproton mixing

catching trap ! mixing trap |

[] Normal Exctrodes
positron trap ﬂ‘“w-
[] Highvortage Electrodes

< 1010 mm
® 10— :
S 8}
. ‘
g 6l
o |
@ 4l Antiprotons: Antiprotons:
§ | before injection \ after injection
S ol .
a 2] Positrons

1 1

|

-120 -80 -40 0

Axial position,
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40 80 120
Z (mm)

Trap potential (V)

-125 =

antiproicns

-100 4

-
-

T I T T
8 10 12

Lergth (cm)

o-
N
=
<D

Oscillating RF field excite the
P so that it overlaps with the
e+
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ALPHA experiment - first trapping of H

a Mirror coils
Vacuum
wall
Octupole
Antiprotons (RS
rom catching \0U @
trap -
y
EI"
7 Positrons from
Annihilation Electrodes accumulator
; detector
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Magnetic trap for neutral (anti-) atoms

Atoms with magnetic moment acquire a potential in a magnetic Anti-Helmholtz coil
field according to the formula: configuration - magnetic
- = — — = quadrupole field
= ji-B = > Force F=[iVB
s
2 <_:7— AN <

! R
Low-fiel g—( — =
Trappable states = e :}9>

—
L)

o
(&

Trapping condition

:

—lyperfine splitting (GHz)
)

High-fisld 7 B > kgT

1 seekers

I
—t I
(8] —
1

0 0.02 0.0¢4 006 008 0.1
External magnetic field (T)

Requires cold atoms:
0.6 K for 1T field

Zeeman-splitting,
Breit-Rabi diagram
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https://www.youtube.com/watch?v=dY5Zdqxoc8U

The ALPHA experiment (2009) - First trapping

To demonstrate trapping ramp down magnetic field and look for annihilations on the beam pipe

) / N ) // \ - Background from cosmics: rejected by topology
/ \ / Simulation for antihydrogen
\ \ : \ 30 i - -.'l\fo"biés”-'q-*
‘ - cemanoo0 Leftbias o ‘
/ / — 20 - <.:-,:;__’R§%ht bias - 4
\// \\ / R T
Antihydrogen Cosmic 0 L T :
- Potential problem: ,mirror trapping” of 30
bare p in homogenous B field —> Solution:
— 20 F
- Mixing with heated e+ (suppresses anti-H £ |
production) Tty
- Release anti-H while applying E field: pbars .

would be deflected
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Antihydrogen trapping rates and confinement time

t [ms]

50
40

2009: 6 events

2010 Sep:

38 events

2010 Nov:
309 events

e
ol
|3
13_
.-..
[
el

0
Axsal po=tion () (mm)

0

Significance (o) Trapping rate per attempt
o o

U~

o

Confinement time up to 1000 s -> allows for precision spectroscopy of anti-hydrogen:
- H in the ground state (remember H formed in highly excited Rydberg state takes about 1 second to de-
excite to ground state)
- Present numbers: >20 antihydrogen atoms every 4 minutes, accumulating several 1000 H in 8 hours

Low Energy Particle Physics, Zuoz, Anna Soter

5T T T T T
a
u.. -
o
5.. -
E — o
5@ 1 -
On | | 1
3 . Y 'E
_____ - _ _
To ——a__ _____""°
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0 500 1000 1500 2000

Confinement time (s)
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First interaction of Antihydrogen with radiation

relative energy in frequency units [GHz]
o

trappable 'low-field seeking' states

Iy =1L M) b=H1J)

15}

10F

|
o
———

[
o
T

-
&)
—

untrappable ‘high-field seeking' states
lay = IT llr

=1 m

'8.-.

ld)
Ic)

15)
la)

_—

f ad spin flip fraquencies

o
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First detection of the 1S-2S transition

a Solenoid Electrodes Mirror coils Octupole Solenoid Cavity output
\ \ AN / coupler
Air \ t// \\_r / \ |
Vacuum \ \ / / \ \( \ \
—— Liquid hellum B 7] —
5_) Vacuum .
- =
J\J\ = —_sm s s sm 1 - /; Two-photon transition at 24 3-
\ ol Plezo stack nm driven by a resonant cavity
Cavity : : : \ o
input coupler Antiproton Antihydrogen synthesis Positron Annihilation IOCked tO the frequency,
preparation and trapping preparation aetecter passing through the centre of
b 1 8.- ———— . th e trap
e | 5
g 16f g
s I :
w 1.4r 1
ke ) ]
P : .
L o12f -
1.0 . o PPN R PP BRSSP TR - "
-400 =300 =200 -100 0 100 200 300 400

Axial position (mm)

M Ahmadi et al. Nature 541, 506—-510 (2017) doi:10.1038/nature21040
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ALPHA-2: First detection of the 1S-2S transition

= Trappable states
—— Non-trappable states

I
10} l
o3 ‘ |
: ol :
) I f
3 0 1| &€
@ . I
W )
1y |
W \ I
-10F o :
=N
-15 "\ e —— \%h
/ e
Yy
. ..—:::::::::‘ l
10F 1S9 ___— :
— I
= [ = 15 |
I —— |
Q 0":%‘? |
— |
W st o 1S, I
I
I
- I
I
] |

Magnetic field strength (T)

When laser on resonance —> number of trapped H
depleted because of photoionisation of atoms in the
same excitation laser.

Type Number of detected events Background Uncertainty
Off resonance 159 0.7 13
Onresonance 67 0.7 82
No laser 142 0.7 12

fi_q = 2/466,061,103,064(2) kHz
f._. =2,466,061,707,104(2) kHz

No difference between hydrogen and
antihydrogen transition frequency at the level
of 10-10
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Measurement of the 1S-2S line shape

| —Trappabie states Las_er drives 1S-_28 trgnsmon (2-photon) |
151 —Non-trappable states A third photon drives it to continuum: lost in the
trap
10 = 7R 1 . .
v 12547 B : , Microwave removes 1Sc states, then ramping
i 1 0 UVecaopzaraned. r,
oo - - - cmemen down the magnet probes 1Sd atoms
\.J' 5 Ib\ -
€ J :
u.: 0 o [ £
W o 2 oo \i - Measured transition:
10} g f n4 / \ - f
4 \&
—1 =~ — — ~ ) N\ - d—d
R, e Nt R Y I AN
e | I — e =2,466,061,103,079.4(5.4)kHz
15 o -
] 1?7 T g
ny - . IR m—-1 AW . . i
10 y gw.- { 1 ——iow Calculation for hydrogen in 1T field
o ¥
5 Sw ;U* "A‘\\‘.
g f s 08 E - [ ‘;/.f .“\;‘ - f
0 . : & HEN d—d
g’ 1S (Isdicrowaf'ei :; nep ™ o A 15 'I/;’ -.\ﬁ' -
-5 o remove c-C st 2 ; W =2,466,061,103,080.3(0.6)kHz
2 04 f: Wh .
3 i
10k s l ”/ :\‘
l:"'.’ “l\‘.‘\
-15} — R : s
. | Results in agreement within
0 0.2 0.4 0.6 08 1.0 1.2 . . ,
Magnetic fleld (T, I - oI e 2 x 1012

Osturing L (kHz at 242 nm)

Prospects: laser cooling to decrease the temperature —> narrower line
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Measurement of the HFS in ALPHA

20 Trappable low-field-seeking states
15 ey =1L =l
d> —

Relative enargy (GHz)
o

/

Range of Fields
in magnetic trap

microwaves at about|29 GHz
to resonantly drive trpnsitions
c->b and d->a (positton spin flip)

Magnetic field, B (T)

1,420.4 MHz
Sm—
2.0} £ |2 |=
i 2L
g [T |=
(AR
1.5 L‘:
Freguency
1.0
-
20@5
15 ©
0
<1
\Q
_ 0 »
Dat:
:WQMM &?

Onset at the magnetic
field minimum

* 1 4204 +0.5 MHz,

in agreement with hydrogen

1 &)
=15 - Untrappable high-field-seeking states
ool B=IT b=
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Magnetic field, B (T)
70~
Jd ]
50 |-
o
g 4or
S B0k A
20 e i}
0= = - ) = Q F
ol ex 8 6 % 2 B :
7 0 1.2 24 36  1,4192 1,4204 1

Relalive lrequercy (MHZ)
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Measurement of the H Lamb shift in ALPHA

Fine-structure splitting (2P12—2P32) in antihydrogen,
~ combined with previously measured value of the 1S—
P 2S transition frequency

i 2S -
" =~ Jp d 8 0109 4 Singly ssin-polarizec
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Magnetic field (T) Nature 578, trapped antihydrogen atoms

375-380(2020)
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Measurement of gravitational fall ALPHA-g

Vertical trap — 1% measurement

- Laser cooling not necessary, though it helps.

- Slow down the magnet turnoff by a factor of ten.

- Turnoff the mirror coils only, radial confinement

- Current imbalance in mirror coils can tune the result

- Further future interferometry: atomic fountain

measurements —0.0001%

Equal current

Gravity compensated

\J

PV A ALLRIdAL

Z/m

up-down measurement

- - precision reflected copy
‘g- initial trap measurement (same current)
g —— ~ -

Z/ m

An ‘xfer G F EDC B

1
A
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Measured escape of antihydrogen

10 Normal gravity simulation M 1.0
09 - —* - No gravity simulation W =T e 08
-~ - Repulsive gravity simulation -7
0.8 Experimental data P - 06
0.7 % » -1 0.4
/
0.6 ,/ - 402 2
- o R g
100 o® 05 / 1° €
0.4 . -~ -02 &
E ®
o D 0.3 ' - -0.4
s -
§ 50 0.2 0.6
E 0.1 - -0.
o 2‘- Leaas .-. ------ --- 0 8
8 2 0 | ! | ! | ! | -1.0
0 -3 -2 -1 0 1 2 3
40 -20 0 20 40°%% Bias (@)

Down «— z(cm) — Up

Fig.3 | Escapehistograms. Theraw eventz-distributions are displayed as
histograms for each of the bias values, including the t+10g calibration runs.
These areuncorrected forbackground or detector relative efficiency. The time
windowrepresented hereis10sto 20 softhe magnetramp-down. The z-cut
regionsareindicated by thesolid, diagonallines. Explicitly, the acceptance
regionsinzare[-32.8,-12.8]and [12.8, 32.8] cm for the ‘down’ and ‘up’ regions,
respectively.

az=(0.75£0.13 (statistical + systematic)
+0.16 (simulation))g, whereg=9.81ms™

Nature volume 621, pages 716-722 (2023)
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NEW!

~1000 TeV




Decays forbidden by Standard Model

New Physics to
~ 1000 TeV scale

» Flavour tensions
piling up in
multiple different
experiments!

e

Mu3e

et pt—et+e +et

»Charged lepton flavour violation

Muon g-2 (4.2 O)

B Decays (2-40)

- H ‘ BaBar
BNL g-2 ' PY : 0.1 < g*<8.12 GeV¥/¢?
. N . Belle '
FNAL g-2 + ° A 1.0 < ¢* < 6.0 GeV?/ ¢
NI LHCb 3 fb”!
A A 1.1 < ¢*< 6.0 GeV¥/¢*
¢ 4.20 > : q ¢
) ' —— LHCb 5 b
: 1.1 < ¢* < 6.0 GeV¥/c*
_— +—— :
Standard Model Experiment p——t LHCb 9 ﬂ)'l
Average l 1.1 < g*< 6.0 GeV*/c*
T T T T T T T T T W l L L L L L L L L l
175 180 185 190 195 20.0 205 21.0 21.5 05 | 15
9 .
a,x10° -~ 1165900 Ry
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Searches for charged lepton flavor violation

History of u — ey, uN — eN, and p — 3e
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MEG experiment: p* = et +y

Signature

= e e —

T

SM radiative Accidental l

MEG setup

m

COBRA ngmt

Liquid Xenon )"
Scintillation Detector|

Branching rati - —13
96302%3% ratio at B(U+ N C+’)’) < 4.9 % 10
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MEG Il setup

Liquid xenon photon detector
(LXe)

COBRA @~

su perc?uctmg magne M'\

\\\\\

“““““

x2 Resolution x2 Beam Intensity

everywhere %

Updated and
new Calibration
methods

Pixelated timing counter
(pTC)
Muon stopping target

Cylindrical drift chamber

Rediative decay counter (CDCH)
(RDC)
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Latest news from MEG-2 and currents status

Michel Edge
- Physics run started at the end of

September 2021, collecting statistics
at the moment

~ Goal sensitivity of ~ 6 x 10"

- Next to the main program: exotic
searches, like X17

L I | | L L LN L A LN B A 4‘7_T—
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Lasl run: 476386 (22210179917 57 ‘
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Mu3e, the p*—e*e*e search

Signature event Background

e SM allowed

o—Q e Accidental
Na A
\ \Y
®)
e - e Bhaba-scatterin
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Mu3e experiment - hardware construction

Superconducti

solenoid Mag Tile detector

Fibre hodoscope

o

f

MIDAS DAQ and Slow
Control

|
\

\

Muon Beam and

Mupix detector target
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Mu3e status

Eeam Pipz

Recur| Quter Pixel Tracker

Central Quter Pixel Tracker

Scintillating Fibre Detector

—al T
= [/
W

7
7

o’
-

Mylar Muor Stopping Target

r
Py
N Ve

~ 7

Inner Pixel 1racker

Scintllating Tile Detector

—

> Experimental design is complete and has been °°“s"|“°“°” Shutdown

Commissioning Mu3e upgrade

| 4 1 ‘

| 2021 ‘ 2022 " 2023 H 2024 ‘ 2025 ‘ 2026 | 2027 H 2028 ‘

extensively validated

» Two few-month-long commissioning runs

> Phase | construction has started (production and quality- < e
control pipelines are being consolidated) and the ntegration _ Installation Physics
installation at PSI is foreseen for the end of 2023 Phase |
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Searches for Muon to Electron conversions

» Current best limit: B(UN—eN) <6.5x 1013 (90% C.L., Ti)  ecgi Thesis uni. zurcn (1995)
B(H'N_'e-N) < 70 X 10-13 (900/0 CL, AU) Bertl et al., Eur. Phys. J. C 47, 337 (2006)

» To reduce backgrounds requires pulsed beams
» Efforts under way at J-PARC and Fermilab

DeeMe at J-PARC Mu2e at J-Fermilab COMET at J-PARC

. i = Production
]. « | winflight m~— p~
- 3 Muonic Atom Formation
Proton ..0::.:.'-{- » u-e Conversion

'''''''

> _A \ - - . 37 » ; (--— |
00!0.%\ — - : = — nachua
Lot ’ O - - StnpingTarget
. “\ * low-P BG J) Transpon Solencid
e high-P ||
;mdut(t'on Signal | ||_ Magnet ..
. Secondary Beamline Spectrometer Improve limit by 4 orders by 2025

Improve limit by 1 - 2 orders of
magnitude depending on target Improve limit by 2 orders by 2020
and 4 orders by 2023
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PIONEER - precision pion decays

Phase l. Branching ratios to leptons Phase Il. Pion beta decay

U PIONEER goals:

e Measure pion beta-
decay for a direct
measurement of V),

\d

e SM. R, = = 1.23524(15) x 107 U y

= 1.2327(23) x 10~

1 & 2: Atmannshofar, W., et al arXiv nreprint (2022) arXiv:2203.01981 [hep-ex] 3:R.Aaijet al. (LHCh), Phys. Rev. D 97, (0172013 (2018), arXiv:1711.02505 [hep-ex]
1: V. Cirigliano and |. Rosell, Fhys. Rev. Lett. 99, 231801 (2007), arXiv.0707.343¢ [hep-ph]. 4:D. P. Aguillard et al. (The Muon g-2 Collabcration) Phys. Rev. Lett. 131, 161302 (2023) arXiv:2308.06€230 [hep-ex].
2: A. Aguilar-Arevalo et al. (PIENU), Fhys. Rev. Lett. 115, 071801 (2015), arXiv:1506.05845 (hep-ex| 5:A. Carvunis, A. Criveliin, D. Guadagnoli, and S. Gangal, (2021), arXiv:2106.09610 [hep-ph]
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Goals of the PIONEER measurements

»Phase |: approach theoretical predictions (x15)

»Phase II: 3-10 fold increase

[(eve(y))
M(uve()) = Ll

® Ry [Exp.]

['(%ev,)
I'(all)

— |Vud|

®  Rppran [Exp.]

®  Rey [SM] ©  Rugjan [SM 2004, 90% CL]
® Rey [Goal: 0.01%] ®  Rupjan [Goal: 0.06%] .
— T I T — T T T
1.231 1.232 1.233 1.234 1.235 1.030 1.032 1.034 1.036 1.038 1.040 1.042
Re/u * 10% Rnp * 108
Motivation:
L .
. Motivation:
Q

Hints for lepton flavour universality
violation in B — D™ decays?
Anomalous u magnetic moment
measurement®

Observed forward-backward asymmetry
in B — D decays to e/u®

Low Energy Particle Physics, Zuoz, Anna Soter

e Hints for Cabibbo angle anomaly
combining results of various experiments?

https://arxiv.org/abs/2203.01981
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Motivations for Phase Il. - Vud / CKM unitarity

0.226 -
0.225/
0.224
[ 0.27%
US o223 ( | )
0.222 -
c
: (0.58%) 5
0.221 - o
0+ — 0+(0.030%) 2»
. Neutron (0.050%)
0220 " l
960 0.965 0.970 0.975
Vud
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How to measure a branching ratio?

calorimeter

S
~ )
D

(not to scale)

L0l — 1Luhe :
e” — e |
0.8 |
nt - et |
e 206 I
- l
Q0
< 0.4 I
[
7T+ - l’l'+ — e+ 0.2 [

20 40
Final State Energy [MeV]

R . Nright
+ e/ﬂ o N
Pion e
Muon left
Electron
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The devil in the details: measuring tails in an energy spectra

. mT=e
10-1 Energy Spectrum In a 25 X, Calorimeter (not to scale) | 2
10— popyoe
— n-ou-e [ |
0.8 1 |
— n-e I
e Total Spectrum £os :
g 0.4 1 l
I
107> ; 0.2 I l
n?u?e
0075 20 20
7 Final State Energy [MeV]
1077 1
N..;
10771 _ WNright
Re/ﬂ - N [1 + Craif
left
1011 ' ' | | |
0 20 40 60 80 100

Smeared Energy [MeV]

The key to success: measure the tail!
What we need: a trigger to suppress m—p
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PIONEER schematics

@
)

PIONEER will need:

High intensity, low
momentum pion beam
Highly segmented active
target (ATAR) with good
energy and time resolution
Tracker to link ATAR and
calorimeter signal

Fast calorimeter with
excellent energy resolution,
25 radiation lengths deep
and covering 3=z sr solid
angle

Entrance detectors, fast
readout and electronics,
DAQ,.

Schematic plan:

@
y
T
a&—o

T

é,‘
D

br(j il € r—>»

@

69.3 MeV

4
|

|

!\ e)\‘

(0— > 52.3) MeV

From S.Hochrein
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The sensitive target - ATAR

m DAR — &*

M

\30“!’

[ ——

Feevrr

Test beam 2023 at CENPA:

Key parameters'”’:

' CAR — p' DAR — g’

' DIF — p' DAR — 2'

i

30 MmiIP

\

\a MIP
\
\25 MIP A

10 MIP

2 MIP
.
.
\

\25NIP n

e Characterization of AC-LGAD prototypes
e Measurement of angular dependent gain

e High granularity, minimal blind/ dead regions
e Fasttiming
e Good energy resolution over large dynamic range

m' DAR — p' DIF — e’

e
pwup
\ F\

\& MIP
\

.

B s

Gain saturation?:

AC-LCAD

AC matel pads

n' maaectio

14020

12000 4

12020 4

v

8020 1

5020

4000 1

2000

_

B HPK 31 Ren 211, 300V, D dey, SMev
HPK 3.1 Run 212, 30.0V. 3 deg. 3Mey
BN WA 1] Run 213 30 0W 18 deg. IVeV
N HPY 3.1 Run 214, 30.0V, 27 deg, 3VeV
HPK )1 Run 215, 00.0V, 35 deg, IMeV
B HPK 3.1 Run 215, 30.0v, 45 deg, 3Mev
HMPX 3.1 Run 217, 300V 34 deg 3viev
HAC 11 Run 213 30 W A3 deg IV
HPC 3.1 Run 219, 30.0V, 72 deg, 3veV
HPK 3.1 Ruen 220, 00.0V, 75 deg, IMeV

80V

~-

7n°

Area under T pulse
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Calorimeter

Test beam 2023 at PSI:
e Explore possibility of a LYSO
calorimeter

Key parameters:

e [Energy resolution

e Uniformity
e Fast detector response

Simulated energy spectrum!

10° —
_"_,_—l""-

10-2 il
o T —€
o]
¢ 101 j
@
>
© 107°€ w_u

o
10-8 J_Iv_—l-_—l_’r_‘_’
LY
0 10 20 30 40 ) 50 70
Cnergy [MeV]

Low Energy Particle Physics, Zuoz, Anna Soter

Possible calorimeter choices';

LYSO crystals

Liguid Xenon (LXe)

From S.Hochrein
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Things we did not discuss:

Nettron
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Neutron electric dipole moment (hnEDM) at PSI
o . -
“Motijvation: Barion
Asymmetry-

..

; Sl\'A‘eXpecftation: '~ i - Obsemved™:”

»
. » — o ' L A

.- MN10_18 : \nB g “To% ¥
n . ' . ) g s
’ i . n;/' > ’

-

»New physics is needed to explain the BA

»more CP violation is a necessary ingredient

»EDMs are sensitive probes for CP-violation

»Several EDM discoveries are needed to uncover underlying physics

»Neutrons in a H:IZZ§+6—{E C| P | T
bottle, ——— —— ool - |+ | -
superimposed E, B g_:;’:: g::’;z" d | - |+ |-
fields T-even T-odd _E.. — =

B |- |+ |-
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Measurement method

Measure the difference of precession frequencies in

parallel/anti-parallel fields:

o =2d, (ETT tE, ) 24, ( B =5, )

[for dn<10'26] S EE— [Aa) < 60 nHz]

Low Energy Particle Physics, Zuoz, Anna Soter
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UCN source at PSI

»delivery of ~4 M UCN every 300 s during HIPA operation

5x10"

1 1
normalized to 2.2mA

4x107

3x10”

UCN Counts

2x107

1x107

i

2010

T
2011

T T T T T T
2012 2013 2014 2015 2016 2017
Year

PSI (2017) 34 UCN /cm3

28 -
24

20 +

2s (UCN/cm3)

16 -

12 +~

UCN density at t

PSI
PEZ —e— ]
SUN-2
v
LANL ]
20 30 40 50 60 70 80 90 100 110 120

Storage time constant (s)

Neutrons can be contained (in material
vessels) for long times, if they are below
certain energies

350 neV <> 8 m/s <> 500 A <= 3 mK

P Largest worldwide UCN
density in PSI measured using

standardized vessel

¥ Neutron guides to
experiments

UCN
storage
tank
Shutter
UCN converter
(solid D2 @ 5K)
Tm

D-O moderator
En~ 25 meV

Spallation target
En~MeV

Protons
590 MeV
2.2 mA
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nEDM and nEDM-2

Best current nEDM limit from first PS| measurement
d,<1.8 -10-26 ecm C.Abel etal. Phys.Rev.Lett. 124 (2020) 081803

M.J. Kamsey-Musolf 7 Nuclear FIYsics A SO (2008) 1 3/c-144¢

d(ecm) Experimental limits & plans AB(T)  Theoretical predictions
5[,1)-1' III 'IT_l-LIClT' l:lll]"ll"(‘ "'l]""llll'q
Z24 " 1 ‘_’ <« -
24 L . _ . | | ‘ _
1077k . potential for 450 | | —
5 & discovery \ : : EEEH Correct beryvon asyrmetry
: \ 4 E . |MEE Ecudedby LEP
) - : .:' o )
10_25 ! .. . .‘ _10 12 . urrent eEDNM limil
3 . \ == |LHC Reach
\ 350 . 27
-—- Reachford =410 " ¢om
| - il

[ —-“— == = % " ]
1026 | result from PSI 1018 g 300 3 5 ]
: =1 .‘ 2, .
: . 250 i

I ‘ O
-27 | 3 n 2 E D M | ! . 7
107 T = 5 B 20 = -
! oD < ! i
= =] Ral Rel ]
' s X > = 150 « &
: 15 S % % g : ]
107 F =10 = g 2 2 / q

1980 1990 =000 £010 2029 l[)OS') 100 180 200 250 300 350 400 450 500
=Sussex RAL ILL = LNPI/PNPI Theoretlical data from «Particle electric dipole moments» M, [CeV]

JM. Pendlebury & E.A. Hinds, NIMA 440 (2000) 471

- e E.g: nEDM and LHC sensitivity to supersymmetric baryogenesis in
New apparatus n2ZEDM@PSI - will improve sensitivity by the minimal supersymmetric standard model (MSSM).

at least a factor 10 in the baseline setup - 1x10-2” ecm Supersymmetric mass [ and gaugino mass M1 parameter space
- potential to rule out a large parameter space of theories leading to observed value of the baryon asymmetry.
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nEDM-2 setup

Ultracold\neutron \ ‘ — _ ‘ n2EDM Experiment
(UCN) Source | - - - |

) l&ﬁ{ﬁ‘émbers

1} ‘

e

Essential to reach 1x10-27 ecm sensitivity goal (baseline)
- highest UCN intensity (PSU UCN Source)
- ultraprecise control and measurement of homogeneous magnetic field

- record magnetically shielded room - shielding factor 100°000 at 0.01Hz -
operating
- 57 km coils for active magnetic shield - operating
- magnetic field system at 1 uT and 60 ppm homogeneity - operating |
- UCN double storage vessel chambers and beamline - ready \ /

- start nEDM measurements 2024 - 500 days for 10-27 e-cm sensitivity goal N.J.Ayres et al., The design of the n2EDM
‘ / I \ experiment, Eur.Phys.J.C 81 (2021) 512

e
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Neutron Beam EDM - towards alternative methods precision

~New complementary neutron
EDM search using a pulsed beam

~Project based in Bern with proof-
of-principle experiments at PSI

7 and ILL
4-;‘.0 4 2 ‘ ]
Mu-Metal ~Full-scale experiment intended for
ESS (European Spallation Source),
competitive to UCN experiments

Piegsa, PRC 88, 045502 (2013)
Chanel et al., EPJ Conf. 219, 02004 (2019)

Schulthess et al., PRL 129, 191801 (2022)
PF1b 2020 FOR SOGETY
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QNeutron - towards measuring the neutron charge

N \\ = O
| Absorpticn
jf

Grating
;1:‘ | nholder

.

[l : motorized |
3 stages :

Normailzed Neutran Counts

30
250 ym
2 | : :
& ;"’q

20 ! \ 1

15 1 ’ \W\N F\ 3\'\{ ' \'

f P@;E-\" ‘ > ?0010*

“ f \jifﬁ-\b-\“w ; 1&

s ,-/‘ : .u’ L
° 0 If:DC 2';)0 3 ;]C' 4&) 500

Position T2 [wm]

~ Neutron Talbot-Lau interferometer

using absorption gratings

- Proof-of-principle phase with

experiments at PSl and ILL

~ Qoal: measure the neutron charge

with improved sensitivity at ESS

Piegsa, PRC 98, 045503 (2018)
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Experiments with muon beams




muEDM

Project funded by
PAUL SCHERRER INSTITUT Schweizerische Eidgenossenschaft Federal Department of Economic Affgirs,
Conféderation suisse Education and Research EAER M
—_— Confederazione Svizzera State Secretariat for Education,
Confederaziun svizra Research and Innovaticn SERI Sw'ss NATIONAL SC'ENCE FOUNDAT'ON J ﬂ
L

/
/""h--""

Guf’f’ori b &‘A Vou-aée'/
;N et

Swiss Confederation

Sc.lukl ’vor i o smuv\,\ elechodle
| L & b
Pt"(e.( 1 V% : ¢ 5 HY - elechode
deleckor —TH e LI b K1
A |BA | i
' j;"- Bl 1_;'\ ’ iy VMM
pPulse , 11 R S -
: : : : : col | 115 |
Phase approach using the frozen-spin technique in a compact solenoid \3‘ li { SC woquete
i ~ ) ; H Qa2
« Demonstration phase 2022 — 2027: o(d) <3 x 10721 l 1F =L/
« Dedicated instrument 2029 — 203?:  o(d) < 6 x 10723 W ™ > =)
« Possible signal (EFT analysi . d ~ few x 10722 | '
ossible signal ( analysis) ew < o —>
. R et collinmaheon
* New collaboration (welcome to join!) with institutions from:
G&auu&e

Germany, Italy, Switzerland and UK
contact: P. Schmidt-Wellenburg
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MUSE experiment
= Proton form factor + radius + 2y + ‘U k l H ;%B

lepton universality measurement at PSI

: : : + + Scattered Particle
with elastic scattering of e*, pu= from [ ctitor (Gp8)
hydrogen

Beam
Monitor (BM)

—

@)

S L
A (@)
Y =
5 3

N 1)

2 —

W | ®
‘\ -/

B
/

= Fall 2022: Scattering data

[ Straw-Tube ]

= Took data in all experiment kinematics on H, C, empty Tracker (STT)

cell

= Second veto detector, inside the target chamber, used
to reduce background

= Upgrades since Fall 2022

= Progress in analysis, improving coding, debugging,
geometry, noise suppression, corrections, tracking,
reconstructed time and position resolutions

GEM ‘
Detectors )

. Beam e
= 2023: Long run 1. Hodoscope (BH)
=« 5 months beam time awarded and scheduled I | F Scintillator
= Reviewed 2022 operations at spring 2023 collaboration M1
meeting, for 2023 operation planning Beam- Lme ~.
s 2024 and 2025: Similar beam times ~100 cm
expected

e/tr/p at p = 115-210 MeV/c
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muCool project: bright positive muon beam at keV energy

User-driven development

muCool
Beam

HIMB
Beam

E: 10 keV

= 4 MeV ;
AE: <100 eV

AE (FWHM): 800 keV

0,0, = 2000 mm mrad 0.0, = 20 mm mrad

Windowless cryogenic He gas target with
density gradients and complex E-field placed
in a solenoid

[ ] (] (] (] (]
Gas simulations Electric field design
1 strips
0.8
0.40RRL/ / 7/ /\ -==T=71=
N NNENEYEY
0.2  NNIIPVYYYY .
0 D NBUEEEEE
L .0.2 - N lddddde
’ B o S S S s —
-0.4 . )_.G//'::_..:‘__.\G\;Ivlllllll
-0.6 v 207 V
-0.8
1 orifice inlet
orifice 1 2

X [mm]
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Status

» Muon compression in the He gas
target has been demonstrated in
various regimes.

Phys. Rev. Lett. 125.164802 (2020)
Eur. Phys. J. C 79:430 (2019)
Phys. Rev. Lett. 112.224801 (2014)

» Target with extraction orifice, gas
injection, differential pumping
and coupling into reaccelerating
region being prepared

Muon trajectories

€ ~90 %
(without muon decay)

_3‘“.1...IA..I,..I...l..‘1.“1...1. 0

-10 -8 -6 -4 -2 0 2 B 6

CHIPP contact: Antognini 88



Major PS| upgrade: the IM

~300 page documentation
' https://www.dora.lib4ri.ch/psi/

islandora/object/psi%3A41209
DR ———————t——

Anna Soter 2023 CHIPP Plenary, Low Energy Particle Physics

-

PACT project

Squl

HIMB

» Construction of new target station
TgH at the place of the existing TgM

» Construction of two new solenoid-
based beamlinesfor uSR and particle

physics delivering 10'° surface muons

per second
TR -0 etmssrEmRA

Keeps PSI on the forefront of
muon physics for the next 20 years

TATTOOS

» Construction of new spallation target
with online isotope mass separation

» Production of radioisotopes for
medical applications in quantities

suitable for clinical studies
w w

Enables novel cancer therapies with
isotopes suitable for simultaneous
imaging and treatment

CHIPP contact: Knecht, Kirch 89






