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Antiproton Delecerator & ELENA@CERN

AD: 5 MeV
ELENA: 5 MeV — 100 keV
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@@T Matter-antimatter symmetry
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Oo CPT symmetry & cosmology

@(; *mathematical theorem, not valid e.g. in string
- theory, quantum gravity

. epossible hint: antimatter absence in the universe

®  eBig Bang -> if CPT holds: equal amounts

i matter/antimatter

®  eStandard scenario for Baryogenesis (Sakharov 1967)

* Baryon-number non-conservation
e C and CP violation
* Deviation from thermal equilibrium

* Currently known CPV
not large enough

* Other source of baryon
asymmetry?
CPT non-conservation?

‘F'I ) H FS E. Widmann
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(26 January 2017)

. | CPT tests - relative & absolute precision

O : : : : :
+  ®Atomic physics experiments, especially antihydrogen offer the
most sensitive experimental verifications of CPT
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9 "Minimal Standard Model Extension
Modified Dirac equation

® —
(iy*D, — m, — ‘aiw“ — b, ysy*
—PHE o’ + .v,tr:‘u,p,'y*“LDF + idipygy”DP)w =

,O D. Colladay and V.A. Kostelecky, PRD 55, 6760 (1997) \ LORENTZ VIOLATION
®

CPT & LORENTZ VIOLATION

ﬁ d F=1,m=-1 e

H HFS energy shift:

AEH(-m J.p) = ag + afy — choMe — CooMMyp
+( —f— dgoTT?t + HEQ)WIJ/‘TTIJ‘

H—H: a, d, H reverse sign

Only transitions with Am=0
show CPTV

0.00 0.02 0.04 0.06 0.08 0.10

- B (T)
H ; H FS E Widmann Bluhm, R, Kostelecky, V., & Russell, N., PRL 82, 2254-2257 (1999). g




A ‘ FHF S and Standard Model Extension

e Minimal SME

............
) | el

o absolute accuracy (GeV)

104 10~ D=t [l O [ 10-12 10-° 100 10-3 100

H-H GS-HFS

K°-KY mass

u* g-factor

e* g-factor

10—/ 10-24 10-241 10-18 10-1> 10-12 10-° 10-6 103 100
relative accuracy

no CPT effect on 1S-2S transition (changed in non-minimal SME)
allows to compare different quantities in different sectors

FH-HES oo |




5 | Ground-State Hyperfine Splitting of H/H

G

- espin-spin interaction , _ 19 My ) mllp) 2 Ry
positron - antiproton 3 My +me” My pn
® . TRANSITION FREQUENCY (Hz)
©), .Leadlng: 101 1012 10° 105 103 109 107
) I L1 L1 L1 L1 L 1 . Cl;‘;g?giton
©  Fermi contact term y . eoretic
o s | [1]420j405[751[768|(1) ¥ e
l Q 3 ¢ d v experimenta
P Acplvp) T i
ACPT(HG) ;:D

*magnetic moment of p
*2017 BASE Penning trap 0.8 ppm Nat.Comm. 8, 14084 (2017)

H: deviation from Fermi contact term: -32.77(1) ppm

finite electric & magnetic radius (Zemach corrections): —41.43(44) ppm
polarizability of p/p +1.88(64) ppm
remaining deviation theory-experiment: +0.86(78) ppm

C. E. Carlson et al., PRA 78, 022517 (2008)

Finite size effect of proton/antiproton becomes visible <1 ppm
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5 . .
o " HFS in an atomic beam

e

20,
© const. B 150 H (F,M)=(1,-1)
o </ 10[ 01"
@) | — 05/ (F,M)=(1,0)
" ———_| antihydrogen N 5
©) detector EE 0.0"
(). > o of (F.M)=(1,1)
i cusp trap microwave  sextupole 1 © 05 -
O cavity 1.0f
. - (F,M)=(0,0)
®atoms evaporate - no trapping s
200 S R N
needed 000 002 004 006 008 0.10
e cusp trap provides polarized beam B(M
espin-flip by microwave achievable resolution
. : 6
*spin analysis by sextupole magnet *better 107 for T<100 K
o] back d hich-effic > 100 H/s in 1S state into 47t
OW- tdC gI’OUIl. lg -C lCleIle needed
detection of antihydrogen eevent rate 1 / minute: background
from cosmics, annihilations
E.W. et al. ASACUSA proposal addendum uptsreams
CERN-SPSC 2005-002
h N
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= Experimental setup H-HFS line
\ ®° - - T 0
-« Hproduction 1%
Y. time in 2010 in ’. i
. nested Penning trap e

¢ Three body

. recombination

;;;;E:i expected to

produce Rydberg
states

e 1st observation of

| beam in field free
region n>29

sextupole //detector

— Mixing (n< 45)
o 105 [ 1 Background
o E
B
3
5
8 1E
o
3 =
] =
= L —
ot L
= OAW
0O 20 40 60 80 100 120 140 160 180 200 —
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©

Results 2016

* Time distribution
> of H within mixing
o cycle

7 e At cavity position

()

* Principal quantum
number by field
1onization
*(.5 m upstream of

cavity
*n=14 significance <30
*t(n=14) ~ 50 us

‘H ) H FS E. Widmann
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< | Hydrogen beam measurements

HFS spectrometer
(O source P detector
\ (same as for Hbar)
® « ™ | —
@) = E it = superconducting quadrupole
AT Al o 5 sextupole mass
® S11E 2 £ g spectrometer
Sjlgg| |25
. @ m
atomic
) hydrogen| &
source

L

Primary goal: verity spectroscopy method:
reproduce expected antihydrogen beam parameters

I‘-IH FS E. Widmann 14 @ QAW



" beam counts mh35, 0 Azounts mh35, 400 Amps

4500
4000
3500
3000
2500
2000
1500
1000
500
ﬂ

0 2 4 6 80 2 4
X axis X axls

d Dbeam focusing by superconducting
B sextuple observed
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o .
©. 107 VS. T{; transition

: 2.0
©) 15 H (F,M)=(1,-1)
©) . . "~
e Different B-field ol TO1 /
@g (1€ﬂ?€ﬂﬂ(ieﬂ]cx3 §~&5; (F,M)=(1,0)
lig T G 00}
®  ®1 more sensitive to > o5 (FM=(1,1)
'®  homogeneity 10}
® 15F (F,M)=(0,0)
2.0L— e e
0.00 0.02 0.04 0.06 0.08 0.10
B (T)
4000 ‘ .

*Selection by

—

orientation of B.. . B

0osc’ ext

1420.6
1420.5
14204

Transition Frequency (MHz)

[u—y
tn ja»]
= =
ja»] ja»]
\ ‘

1 1 |

0 2 4 6 8 10

0 200 400 600 800 1000
Magnetic Field Strength (Gauss)
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®)

. esolution: strip line

Spin-tlip resonator

of=1.420 GHz, Af=tfew MHz, ~mW power
e challenge: homogeneity over 10x10x10cm’@ A=21cm

L LA R 2

~~~~~~ =]
<<<<<<< Mmax
100{"4@

s,
a2

8

O ) "'f'"’ A & 4 3

s & & ."I!" & & & 2
- 4 & 6 4 4 &
":' dbbdbabdd

111111

- e =28

Position in cavity [mm]

10 5 0 5
longitudinal field: Frequency detune [units of rabi freq.]

cos(z)

transverse field:
homogeneous

Line shape by
optical Bloch equations

e Full line shape: sum of simulated for single velocity
line shape for velocity distribution
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% H-HFS o,
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HH FS E. Widmann

var=1 420 405 748.4(3.4)(1.6) Hz

Error 2.7 ppb: 18x improvement over
Kush, Phys. Rev. 100, 1188 (1955)
Deviation from maser (Af/f~10-12) :

3.4 Hz < 1o error

Extrapolation to H: 8000 atoms needed

to achieve 1 ppm

contribution

lo st.dev. (Hz)

systemartic error

frequency standard 1.62
common fit parameters

VH 0.05

T 0.03

Bosc 0.02

systematic error total 1.62

statistical error 3.43

total error 3.79
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arxiv:1610.06392, Nat. Comm., in print



= Non-minimal SME

\
© eQperators of arbitrary dimensions
o | .
LD EI{IW(}"“I(JF - m,, + 9, )y, +H.
0),

(o)

ShYR = ShYR 4 KR
* Non-relativisitc spherical coettficients

Kyjm Mass-dimensions CPTsign Spin-dependence

cﬁfm Even numbers +1 Independent
aﬂ‘m Odd numbers —1  Independent
NR(@P)  Even numbers —1  Dependent
ijm
yNR@P)  Odd numbers +1  Dependent
kjm
NR (5) (7) (9) . 4

2
@200 = @290 T Az99Mp T Az99M ---

- 'i—:‘e‘:&'%-f:g-;._ e .
HH F S * e Kostelecky, V. A., & Mewes, M.. PRD 88, 096006 (2015). SIIII AAW



é@ Non-minimal SME & H beam

e

~ eShift only for n-transition (Am=0)

i 278 Z )24 (1 + 45,,)
i OV = — an,) +

5 237 oy
ey NR(0B) NR(0B) NR(1B)
A . Z Iwigio — Hw (zqgm T 29}-»@(;510

NR(1B)
—2H W (24)10 |

*B direction dependence

AQ2mry) = QTL’W(B)—QTUW( B)

cos v 2 NR,Sun(0B) NR,Sun(0B) NR,Sun(1B) NR,Sun(1B)
~ VB Z (ame)*(1+4602) ) [guiogiio = Huagiro +29uagio — 2Huggg |
q=0 w

Kostelecky, V. A., & Vargas, A. J. PRD, 92, 056002 (2015).
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‘ %,e. Next steps for H-beam

)
©)

* T, transition
é@ *Better field homogeneity
- eInproved coils, shielding

© eSME: effect only in m,
©  eNon-minimal SME: direction
dependent coetficients

accessible by beam

e Conditions
e [nvert direction of B-field

e Rotate B-field

* Measure also o, (no CPTV) as
reference

I‘-I . H FS E. Widmann




& .
<. . New beam optics

it

! Ring aperture
e Same focus for all HF states
Q . .
© Trajectories
: 20 yran —
© 15
il 10
& 5 .
o —f - Velocities
- 60
-10 [1>
_15 S0
-20
= 40
0.0015 S
_ _ % 30
0001 Field gradients :
0.0005 -7
| 10
0.0 0 2000 2500 3000 3500 4000 4500
0 500 1000 1500 2000
> velocity [m/s]

Beam direction

H-HFS v




o

Q. Extrapolation B=0
Qo PRELII\/IINARY

\ g 1420.42 ‘ . . ‘ % 1422.5
@ ; O- I ?'tleasurement > 1422 |
i
@ g T 14215}
2 S 142
\ S 1420411 - = 1
c c nt
) S S 14205
= =
L S 1420.405 ‘ ' | ‘ ‘ | | S 1420 ‘ ‘ | | |
i~ = 08 06 -04 02 0 02 04 06 08 £ 08 06 04 .02 0 02 04 06 08
i rent(A] . curen t [A]
&) 200 ‘ ‘
— dual — 200 1 residuals |
N 100 I L N
ER [ 1 B s P P
% S B % 1 1
= @
100 |
< ° 200t
_200 | | 1 | 1 1 1 | | | | | | | | |
.08 06 04 02 0 02 04 06 08 1 08 06 04 -02 0 02 04 06 08 1
tA) . curen t [A]

® Accuracy vyr(B = 0)~ 10 Hz
*~ 100 hours of data taking
* Measurement campaign to start

T-I ) H FS E. Widmann




< Experiments in an atomic beam

e

il * Phase 2: Ramsey separated oscillatory fields
A e N

LN ._! l—! I—\ antinydrogen

. detector

@

cusp trap mézrar;are mg;::a; o sextupole 2
Linewidth reduced by D/L
1.0

o
3
L

[ I . _— .

TRANSITION PROBABILITY
o g
—

# "o
i i L
-1.5 -0 -05 ib E!! 1Ifﬁ 'Ii:
(-] L 72
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< ' (Far) future experiments

O
_ ®Phase 3: trapped H
% eHyperfine spectroscopy )
® in an atomic fountain of ?UtﬂWAVEGUIDE,I_n-; .....
7 antihydrogen [\ S
b : [\ |
*needs trapping and laser o=t e
) . J s e o A A
e
coolmg outside of T o
formation magnet B2 lowing
eam
. molasses
*slow beam & capture in beams
measurement trap o
. TRAP o
e Ramsey method with g P
d:lm eam
o) Af ~3 HZ, Af/fN 2X1O_9 M. Kasevich, E. Riis, S. Chu, R. DeVoe,

PRL 63, 612615 (1989)

T-I ) H FS E. Widmann .




% | Summary

OO * Precise measurement of the hyperfine structure of

| antihydrogen promises one of the most sensitive tests
o of CPT symmetry

L ¢ First “beam” of H observed in field-free region

‘®  ®Next steps: optimize rate, check polarization, velocity

o  eHFS measurement in H beam of 2.7 ppb achieved
* Proof-of-principle for H measurement
* Potential to measure non-minimal SME coetficients

* Modifications to increase precision being studied
e Other atoms: D looks feasible

-""1 | ERC Advanced Grant 291242 DOKTORATSKOLLEG PI
y bmm “erc HbarHFS J'dk I1 ~-LWF

. Bundesministerium fir _ www.antimatter.at Der Wissenschaftsfonds.
. / Wissenscha ft, Forschun g und Wirtschaft

Pl EW Particles and Interactions
.......

{HH FS E. Widmann . @ gﬁ\W
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Hyperfine Structure of Antihydrogen

ERC Advanced Grant
Pl: Prof. Dr. Eberhard Widmann

Thank you for your attention



Other possibility:

foam and unitarity violation
of
®®' | F SPACE-TIME FOAMY SITUATIONS
ol NON UNITARY (CPT VIOLATING) EVOLUTION
0 OF PURE STATES TO MIXED ONES
i @ "
Tl Horizon
n of Black Hole ““out™ _
PURE STATES MIXED STATES
! = — =
— ——

103> m

d b=i[p,H] + AH(p)p

dt / \ After Weinberg 99

quantum mecha- quantum mechanics
nical terms violating term

T-IH FS E. Widmann 40 @ QAW



ON
OO * (o, transitions
e Fit the data with numerical
é simulated Bloch equations
ol data
O 266 | % .
i 264 Peehy (L B
i a7 | o L
[ 26 + S B
® 25.8 | A
256 | 1d %7 .
BAL@W Yy S
c63F H. @ g
= 266 ]
% a4 f % : i
£ 2 AV
258 F (b "-.__,- ...'
27.4 o o !'-' __4..."!‘_
272 | LI T
27 | .!:I ' ::. -
26.8 | I T
26.6 N
264 | (c) o5
15410 5 0 5 10 15 20 25 30
excite f;l:i'l.tfilll.‘l]‘u 'I:]!.'HE.}
-—

H-HFS

shift of resonances in magn. field
(a) 100 mA (b) 300 mA (c) 500 mA

H beam HFS result

18000
16000
14000

w 12000

I

= 10000

800

zero field extrapolation

ooo -

4.20

2000

-|J-|

I 1 1 1 1 1 1 1 I
-500 0 500
Helmholtz coil current (mA)

v = 1420.405757(9) MHz

Vh,yp — Vit — 6.06 = 9.26 Hz

H maser: Av/v ~10712
58




\ N\ Ve

. @ " PREPARATIONS FOR n; MEASUREMENT

- *SME: sensitive to CPTV
" ebetter field homogeneity needed

) resonance lineshapes

O for different B-field inhomogenities
= gauss-broadened with o; (in units of £2;)
¢

—0.1 —0.7F ==1.232 —4§

2 2
o E]

Spin-Flip probability
=]
=

6 -4 -2 i 2 4 6
detuning in units of the Rabi-frequency

Rabi frequency £, typically 7kHz coils & shielding geometry optimized in COMSOL
7kHz frequency shift caused by 2.5mG (starting from McKeehan configuration)
requirement = better 0.1% theoretically achieved: < 0.02%

=

it
LT 1Y

\H - H FS Eidmann .
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< Experiments in an atomic beam

(D}
®. * Phase 1 (ongoing): Rabi method

@ =
v | | : Av/v ~1077
20 | | antihydrogen
"~ detector
)
cusp trap microwave  sexiupole 1
cavity

* Phase 2: Ramsey separated oscillatory fields

(B L (M

. : : : . : : : . ——f
— — —| antihydrogen
. detector
microwave microwave
cusp trap cavity 1 cavity 2 sextupole 2

Linewidth reduced by D/L

T-IH FS E. Widmann 61 @ QAW
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O

Standard Model Extension SME

CPT violation and the standard model

@) ;
i Don Colladay and V. Alan Kostelecky

) Department of Physics, Indiana University, Bloomington, Indiana 47405
LN (Received 22 January 1997)

®

CPT & LORENTZ VIOLATION

Modified Dirac eq. in SME /

(iy*D, — m, — ‘aﬂ‘”‘ — b, ysy*

—PHE o’ + ;cwfy“D“’ + idipy5y”DF)¢/ =

\ LORENTZ VIOLATION

¢ Spontaneous Lorentz symmetry breaking by (exotic) string vacua

* Note: there is a preferred frame, sidereal variation due to earth
rotation may be detectable

HHFS v )




% | Full setup 2014

iy
TN
By,

*double cusp
~. efield ioniser

4 o [Ibar detector

O Hodoscope:
outer layer

inner layer

W
%)
°
3
3

new 2-layer hodoscope
with central BGO detector

ﬂ - H FS E. Widmann 67




@@: Antiproton production @ CERN

®
ol

P+tp—=>p+pHP+DP

beam target pair creation
L]
O from vacuum
©.

O * Threshold 6 mp (5.6 -
ng e\]) CEE;EE%? R :
©  ePS: 26 GeV

e Antiprotons of 3.7 GeV/c

“/n_mF LINAC 272

TT60

BOOSTER

ISOLDE

*[ ow-energy beam

<
® Accumulation A Y
. i N ;
e Deceleration LINAC 3 A
o Coollng (StOChaSth, - Protc-ns antiprotons
= loNns [ electr.ons
electron) neutrons »- neutrinos
e Since 2000

e All-in-one machine: AD

H ) H FS E. Widmann .




e | Fundamental symmetries C,P, T

* C: charge conjugation particle
< antiparticle

. o] parity: spatial mirror
©
i

e[ time reversal

i * CPT theorem: consequence of

o] orentz-invariance

=
=
E
:
.

1D PRUIGIOT

e]ocal interactions
e unitarity
e [iiders, Pauli, Bell, Jost 1955
*all QFT of SM obey CPT

*not necessarily true for string
theory

H : H FS E. Widmann

| Charge transformation
| mattar is replaced
| with antimatter

Time transformation
the fiow of time
iz revarsed

70
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ASACUSA H production 2014~

22Na Positron Source

® | ’
@ Positron Accumulator

_ - H .detector
R el
@ y o " a ) NS Sextupole Magnet
; S . - ‘ ’%

I‘lT'iH FS E. Widmann 73 @ QAW



o

O

e

Polarisaton: permanent sextupoles

v too high

high field seekers defocused

v accepted

v too low

______________ |
— |
!

Iris

T-I ) H FS E. Widmann

2 Halbach magnets B ,,=1.3 T, L=6 cm, =1 cm

low field seekers focused

............................ ]
H




®ﬁ—. Recent progress Antiproton annihilation

\ Cosmic shower
5 | | Jun 23, 2016 & SHow

® mmese N\ | o205 SN
9 E 50 P e E 50|
L L SN
@ ~100} -_ 1 -100} Q ) | i
® I min
—200 =150 _100h052500nta|p[;SitionE[,Snm] 100 150 200 =200 15[] —IDG 50[ ngsta f;?nm] 100 150 200
1.2 :
— COSMICS
10 —pbars
* BGO calorimeter + 2 layer hodoscope o
. e g §2]
e Optimize H rate S 06 |
8 0a ~1ns
e Measure n-state distribution 5 |
* Istresults under analysis "
. . 0.0
e Polarisation 2 1 0 1 2 3

mean time diff. (ns)

* Velocity
H H FS E. Widmann 76




5
< Current H-beam parameters

i
© esimilar to expected H values

; . w

s  ®Determined by sextupoles = H

0 i 5 1 | %

?  evelocity: 1 km/s + 50 K L :

i * Tunable by 10% T v v B e SO

W

= SOOﬂ
=

400 o
20 30 40 50 60 70 80 90
distance between permanent sextupole magnets (mm)

detector signal

*Velocity distribution 3800 v =88514mis
e Possible modifications %3600 oy =130 £ 6 mis

eShorter sext., lower fields §34oo

* New geometry I

I I | I I I \ I I I \ I I I
0.002 0.004 0.006
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