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~ Precision
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e pairs of metastable - short-
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* laser spectroscopy
* antiproton charge and mass
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* hyperfine structure
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* Theory uses numerical values of
proton

* Scaling factor for energy levels

* Deviation between experiment
and theory

p pr +Q

Vin M Q

p p
e f=2.5 — 5 (calculated by Y. Kino)

RS Hayano, M Hori, D Horvath and E Widmann
Rep. Prog. Phys. 70 (2007) 1995-2065

Antiprotonic helium and CPT

Vih = Vexp (xlO‘g)

Vezp

404
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. dmg /e,
40 Mg/ me
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* Theory uses numerical values of
P roto N unfavored transition
* Scaling factor for energy levels
Ry..(p) = M;Q;
* Deviation between experiment
and theory

(37,35)-(38,34)

i I 6',‘"/7"0
20 40 Mg/ me

(36,34)-(35,33)
favored transition

; (x107)
-40

D FeD ﬁNpr"'Qﬁ

Vi, M Q,
e f=2.5 — 5 (calculated by Y. Kino)

Factor ~150 better than LEAR

RS Hayano, M Hori, D Horvath and EWidmann ~10000 better than X-ray measurements

Rep. Prog. Phys. 70 (2007) 1995-2065
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Antiprotonic
Healium

Q/M of proton/antiproton

Q/M(B)-QIM(p)
average

<9x107" 2x10- (2006)

RS Hayano, M Hori, D Horvath and E Widmann
Gabrielse et al Phys. Rev. Lett. 82 (1999) 3198 Rep. Prog. Phys. 70 (2007) 19952065
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F+=:+1/2 % i =
J =L
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"

1
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(known to 3x1073)

VyE tests orbital angular moment: gj

Vg sensitive to magnetic moment of pbar

Antiprotonic helium and CPT

e interactions of magnetic moments:
eclectron: U, = gugS,

"PP (i, = [9,(B)S, + 9/ (P)L; Iy

e "Hyperfine” splitting HFS:
LS,
e dominant because of large L
e "Superhyperfine” splitting
§ﬁ
eHFS: 10 .. 15 GHz

eSHFS: 0.1 .. 0.3 GHz
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Observation of HFS in a laser transitis

£
<

g X
A A ’
LI A AT
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Mo g

A=2.98+0.09 pm

—_
[

(n,L)

. =1.70 = 0.05 GHz |
J =L i

F=L-1/2

v VSHFE
J =L-1

Peak to Total Ratio (%)
>
[

= .

F=L+1/2 .
VHF : | :
RN 1 |
J++=L+1 C | .+* L | L | . I L | L | +.+ | ]
?VSHFJF 0.09 0.092 0.094 0.096 0.098 0.1 0.102 0.104
Fr=L+1/2 N
U= A -726 nm

LEAR, E. W. et al. PLB 404 (1997) 15-19

e |.75 GHz is difference of HF splitting of (37,35) and (38,34) state
e SHFS transitions cannot be observed due to Doppler broadening & laser bandwidth

Antiprotonic helium and CPT G SN E.Widmann DISCRETE'08 12.12.2008




Peak to total Ration (arb. units)

-0.001

0.007

0.006
0.005
0.004
0.003
0.002
0.001

0

e
Pe s

v LA
- = ey —— e - e -

ser-microwave-laser resonance experiment

e bl

Parameters of (37,35) state:

F=L-1/2

Lr+=L

J=L-1

J7=L+

F'=L+1/2
\J"_=L

Step 1: depopulation of F*
doublet with f laser pulse

(n,]) = (37,35) > (38,34)

Wavelength /nm-726

Antiprotonic helium and CPT

vpe  =12.91 GHz

VoHET = 161 MHz
VopE = 133 MHz
F=L-1/2 _J‘*:L

—
J =L

F'=L+1/2

Fr=L-1/2

J_F=L

J=L-1

J7=L+

F'=L+1/2
J"_=L

Step 2: equalization Step 3: probing of population

of populations of
F* and F- by
microwave

of F* doublet with 2nd f,
laser pulse

0.25

[ 7]

— } A=3.1£015 pm —

- ‘1’{) 4} =18+0.1GHz = L(t)

: | . - «—— Laser scan & 020

- . % background fit function

- B Time spectrum with 2 laser & °*f;

I 1 0

s - pulses > o0 A

- | I (t ) '% = 'Peak 1: IPeak 2,

o . < B :reglon: :region !

— 1 R++ (V ) SN2 0.05 :

= A U NP I BRI R I Mw [( B | : E |

0.086 0.088 0.09 0.092 0.094 0.096 0.098 0.1 0 N RN N PR I SRR R R R
200 300 400 500 600 700 800

Time relative to end of PMT gate (ns)

E.Widmann DISCRETE'08 12.12.2008



Peak to total Ration (arb. units)

-0-001 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1
0.086 0.088 0.09 0.092 0.094 0.096 0.098 0

0.007

0.006
0.005
0.004
0.003
0.002
0.001

0

e
Pe s

v LA
- = ey —— e - e -

ser-microwave-laser resonance experiment

e bl

Parameters of (37,35) state:

F=L-1/2

Lr+=L

J=L-1

J7=L+

F'=L+1/2
\J"_=L

Step 1: depopulation of F*
doublet with f laser pulse

(n,l) = (37,35)

A=3.1£0.15 pm
W =1.8+£0.1 GHz

pulses

H

1
Wavelength /nm-726

Antiprotonic helium and CPT

vpe  =12.91 GHz

VoHET = 161 MHz
VopE = 133 MHz
F=L-1/2 _J‘*:L

—
J =L

F'=L+1/2

Fr=L-1/2

J_F=L

J=L-1

J7=L+

F'=L+1/2
J"_=L

Step 2: equalization Step 3: probing of population

of populations of
F* and F- by
microwave

<«—— Llaser scan

of F* doublet with 2nd f,
laser pulse

0.25

[+(12)
0.20

background fit function

Annihilation rate (arb. u.)

Time spectrum with 2 laser ool
— 0.10 .
- 'Peak 1! 'Peak 2|
R++ I+ (t2 ) 0.05 - iregioni Eregion :
(VMW) = b - o i
( 0 | | |: | :| | : | |i | | | | |
200 8300 400 500 600 700 800

Time relative to end of PMT gate (ns)

E.Widmann DISCRETE'08 12.12.2008



)
c
)
o
S
8
c
9
h—
©
o
IS
O
)
8
X
©
(O}
o

0.007
0.006
0.005
0.004
0.003
0.002

0.001

-0.001

0

~
.
v
'
v
g .
L
e
. g
3 -
3 D M
 §
0
A 5
¥ .
)
f3y
«
Y
4

v
Sl
R

=
i
>

PP

r-microwave-laser resonance experimel

nilan

Parameters of (37,35) state:

F=L-1/2

Lr+=L

J=L-1

J7=L+

F'=L+1/2
\J"_=L

Step 1: depopulation of F*
doublet with f laser pulse

(n,]) = (37,35) > (36,34)

L

} A=3.1£015 pm —
¢ 4} =18:+0.1GHz

pulses

= by b b b by by =g

0.086 0.088 0.09 0.092 0.094 0.096 0.098 0.1

Wavelength /nm-726

Antiprotonic helium and CPT

<«—— Llaser scan

Time spectrum with 2 laser

vpe  =12.91 GHz

VSHF
VsH

+=161 MHz
= 133 MHz

Fr=L-1/2

J_F=L

J=L-1

J7=L+

F'=L+1/2
J"_=L

ulations of  of F* doublet with 2nd f,
F* and laser pulse
microwave

0.15

0.10

Annihilation rate (arb. u.)

0.05

[+(12)

background fit function

200 300 400 500

600

700 800

Time relative to end of PMT gate (ns)

E.Widmann DISCRETE'08 12.12.2008




~
.
v
o &
e ok
- Tk
et
e
. g
3 -
3 D M
 § <
0
A R
- - L 4
) 3
f3y
«
: >
4

=
i
>

r-microwave-laser resonance experimel

PP Sttt nilan

vye =12.91 GHz
Voypt = 161 MHz
Vgyp = 133 MHz

F=L-1/2 Fr=L-1/2

Parameters of (37,35) state:

J=L J=L

J=L-1 J=L1

J7=L+ J7=L+

F'=L+1/2 F'=L+1/2
J=L Naz

Step 1: depopulation of F* Step 2: equalization Step 3: probing of population
doublet with f, laser pulse of F* doublet with 2nd f,
laser pulse

microwave
(n,]) = (37,35) > (36,34)

R LR NN NI 9 AL NN LN N
L 0007 } A=3.1+0.15pm
5 0006 % §§ 1RGSR 35 Li(1)
g .. | 4——— Laser scan S
= T . 2 background fit function
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- cavity for 13 GHz at < 10 K to

reduce Doppler broadening
* low Q (~100) to avoid mechanical tuning
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‘,,;observation of HFS transitl,”

1.15

: N -
; VHF VHF
1.10 -
£ [
+ -
+ 1.05F
m -
\ —
& ool '
1.00 i T
- °
095
_l | | | | | | | | | | | | | | | | | | I
12.86 12.88 1290 1292 1294 12.96
vyw (GHz)

Experimental accuracy: ~ 3 x 107

Vie? 12.895 96(34) GHz 27 ppm

Vi 12.924 67(29) GHz 23 ppm

E.W.et al. PRL 89 (2002) 243402
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t observation of HFS transition
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First observation of HFS transition
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determination of us

- + - F=L—1/2
§ VHF VHF 3
| A
110~
5 :
+ - VHFT
+ 1.05F
m L (n1L)
+ i VHF
+ . T *% ﬂ
0 1.00 -
L1 | REEEE! VHE
- ! J7= L+1
0.95 —
| . T
L L L L Fr=L+1/2
12.86 12.88 1290 12.92 12.94 12.96 J=L
vyw (GHZz)

* Voiet, Ve~ Most sensitive, but impossible to measure (power requirement)

SN =y Ry e s senisitive (GO

* sensitivity factors from theory (D. Bakalov and E.VWV,, PRA 76 (2007) 012512)
e limiting factor: accuracy of theory: 107* for vi,e 1073 for Avy

* maximum improvement factor 3-9 (dep. on state) over PDG value
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(n,l) = (37,35) & (38,34)
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(n,l) = (37,35) & (38,34)
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*Rteicent results (8/2008)

e 30 kHz on AVHE: 3
Av/v=1073 !

e statistical error: %
20 kHZ on VHFi; 212— §1.15§—
AV/V: I .5 X I 0_6 §1-15§_ § 1.1%—

° no density nor ( ) MW Freq (GHz) . MW Freq (GHz)
power shift KE = s AVir
= o
observed ge- - 8
KB — -
e close agreement : =
BK -
to theory :
: : 2001 .
* analysis being wu — Experiment PRELIMINARY
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Antlprotonlc helium one of best tests of 3 body
bound-state QED
Agreement with theory gives test of CPT symmetry

for charge, mass, magn. moment of pbar

laser spectroscopy: Acpr(M,Q)~2 ppb
microwave spectroscopy: Acpr(p)~ 1073
future plans: o 7 S S P
e two-photon laser spectroscopy, vl e
two-photon | pect PY. §§3H
hole burning e e St
e HFS of pbar-*He il
G =F*_1/2 § E i yY i j:ijg
Fr=L+1/2 £ g T Jr =l 432
GH=F'+1/2 3 g s el
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