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Unsolved Mysteries: Beyond the Standard Model

1.1 Why do we observe matter and almost no antimatter if

we believe there is a symmetry between the two in the
universe?

2. What is this "dark matter" that we can't see that has
visible gravitational effects in the cosmos?

3. Why can't the Standard Model predict a particle's mass?

4. Are quarks and leptons actually fundamental, or made up
of even more fundamental particles?

5. Why are there exactly three generations of quarks and
leptons? How does gravity fit into all of this?

From http://particleadventure.org/beyond_start.html
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Physics: Observed Baryon Asymmetry

Why thls strange number’P Why not zero?
.y T e e N

« b P ’

A Search for new physics; beyond the standard mddel
A Mystery of missing antimatter addresses the puzzle of our existence
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(1) Baryon
number B
violation

(2)C,CP
violation

via:
Grand unification
Axial anomaly in SM
Majorana mass

Strong CP violation in SM
Electroweak CP violation
Majorana mass
Beyond the SM
Spontaneous CP violation

via:
Expansion of the universe and
out of equilibrium decay
(First order) phase transition

(1967)

Ingredients for baryogenesis: 3 Sakharov conditions

f.rathmann@fz-juelich.de Search for permanent Electric Dipole Moments 5



#) )OLICH

FORSCHUNGSZENTRUM

EDMs: Discrete Symmetries

Not Charge symmetric EDM-'® B0 QEF Y

B ligned with spin)

g8 Qg0
b » D —
T -g0 Q-¢gf

b » ,. b —

J: = ‘—¢O Q—¢|T

Permanent EDMs violate both [ and 4| symmetry.

Assuming F || 4o hold, F [violated also.

Search for permanent Electric Dipole Moments

f.rathmann@fz-juelich.de



#) )OLICH

FORSCHUNGSZENTRUM

EDMs: Naive estimate of the nucleon EDM scale

Khriplovich & Lamoreux (1997); Nikolaev (2012)

A £ |& || conserving magnetic moment  nuclear magneton Hy
Q -
‘ “x o1 AAI
ca
A A non-zero EDM requires
A 0 violation: the price to payis p 1T, and

A & Oviolation (from k-decays): the price to pay is p Tt

A In summary: -, | Hy "HHi

A In SM (without —term): | |®,1 "HH{

t Region to search for BSM physics (—  10):

HHi |y "HHi
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Example: Neutron (nEDM)

Sensitivity of B Expected sensitivity of
previous experiments current experiments

22 ... -
10 supersymmetry

10—26

- Future goal
LR Standard model
predictions

Neutron EDM upper limit (e cm)

10—31"' I I I | I 1
1950 1960 1970 1980 1990 2000 2010 2020

o Adapted from:
Year of publication

Nature, Vol 482 (2012)

Search for Electric Dipole Moments (EDM) of fundamental particles
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EDMs: Precision Frontier !)JUL'CH

Nucleon

13S--440/NO

wi T

Present upper limit nEDM ©
separation diameter of a thin hair ( p 111 )

EDMs are tiny!
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Measurement principle: Neutral particle EDM

Particle in ground state: v -

Tr Ir 1. Reverse O Tr Ir
2. Keep 8 the same

One challenge: Shield external sources of B to levels |0
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neutron: e
electron: e

1020

10-22-
104 N BT o] g
] N BT H T g

Experimental Limit on dg,, (e.cm)

108~ N B H CHH T
1 0-30 1 1 1 1
1960 1970 1980 1990 2000 L none of this seen yet, why ?
L 10-32
# The Measurement of EDMs: | (103 Standard Model
History of the experimental -
progress

J.M. Pendlebury: nEBM has killed more theories than any other single e x [
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Physics: Present limits of EDMs 0 JULICH

EDM searches: Up to now only upper limits (in "HH()

Particle/Atom Current EDM Limit Future Goal
Electron U EpTt
Muon PR EpTr
Neutron <o¢p Tt ~p T
£ "H <oPEp T ~p TI
N "H <Qgp T P T Zp T
> Proton < XBogp Tt ~p T
Deuteron @ ~p T

A No direct measurements of electron (4 E molecule) or proton (  ( ¢EDMSs
A No measurement at all of deuteron EDM

Large effort on worldwide scale to improve limits and to find EDMs
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Physics: Ongoing/planned Searches !)JUUCH
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.  Molecules Rough estimate of numbers
Q B : of researchers, in total
« Neutrons s o5 \;Eg%l\r{nplenal ~500 (with some overlap)
= ale
- @:tt - — ThO@Harvard « Atoms
- gpsf@ — HF+@JILA & — Hg@UWwash
@FRM-2 ~ WC@UMich A — Xe@Princeton
B : — Xe@TokyoTech
— PbF@OKkIah
- @RCNP,@TRIUMF — ™ e _ Xe@TUM
- @SNS g ??:f?_ ; p s — Xe@Mainz
- @J-PARC ?.? e 4 — Cs@Penn
T — Cs@Texas
R — Fr@RCNP/CYRIC
+ lons-Muons - Rn@TRIUMF
™ - Ra@ANL
\ ~ 4 — Ra@KVI
- Solids — YH@kyolo

\0*‘:;\&_)(1" iana

ferroelectrics@Yale

P. Harris, K. Kirch €  Aarge worldwide effort
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Prospects of charged particle EDMSs: fJEDw\

_.r"ﬂd"’-.p

A No direct measurements of charged hadron EDMs

A Potentially higher sensitivity than neutrons
A protons/deuterons are stable
A more stored polarized protons/deuterons
A larger electric fields

A Approach complimentary to neutron EDM

A EDM of a single particle not sufficient to identify 6 @ source
AQ *Q Q1+ accessto—

Charged particle EDM experiments potentially

provide a higher sensitivity than, e.g., nEDM
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Concepts for srEDM: Frozen spin Method O JULICH

For transverse electric and magnetic fields in a ring, the
anomalous spin precession is described by Thomas-BMT equation:

- NV » T R
) G—{Dﬂﬁ ﬁ?@?f@)

Magic condition: Spin along momentum vector

1. For any sign of "Q in a combined electric and magnetic machine

O ‘00 T where O Qs a0  Gorooeia
2. For 'O Tt (protons) in an all electric ring

O (—) T+ N = X T A BA  (magic)

- Magic rings to measure EDMs of free charge particles
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Concept: Rings for EDM searches

A Place particles in a storage ring
A Align spin along momentum ( feezefihorizontal spin precession)
A Search for time development of vertical polarization

New Method to measure EDMs of charged particles:
A Magic rings with spin frozen along momentum
A Polarization buildup |, <« ®
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Concepts: Magic Storage ring A JULICH
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A magic storage ring for protons (electrostatic), deuterons, &

particle | == E"HA'H|4| E'Hf| [ E/K | i
# proton 8 8 8
deuteron 8 8 8
£ "H 280.0 8 8

Possible to measure =™, & "Hising one machine with i x ¢ um
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Concept: Experimental requirements

A High precision, primarily electric storage ring

A alignment, stability, field homogeneity, and shielding from
perturbing magnetic fields

A High beam intensity (0 tép m DAME] |

A Stored polarized hadrons (0 T@®)

A Large electric fields (O p 1 611 )

A Long spin coherence time (1 p Tt TOT

A Efficient polarimetry (AT Al WU XI8A©® m@HQ 18t mu

Gy G0 "HH "HEHI

Goal: provide ,, to the same level
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Concept: Systematics

Magnetic fields:
A Radial field 6 mimics EDM effect when* 06 Q O

AWithQ pmn AgAlinafieldofO p r 6 ,

. L ¢
0 5 — Oopgp T 4

A Solution: Use two beams simultanously, clockwise (CW)
and counter-clockwise (CCW), the vertical separation of

the beam orbits is sensitive to 0 .

Use CW and CCW beams to tackle systematics

19
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Concepts: Beat the systematics

2 beams simultaneously rotating in an all electric ring (CW, CCW)

Polarization |f,

CW

CCW

EDM B -

Sokolov-Ternov

Gravitation

CW & CCW beams cancel many systematic effects

f.rathmann@fz-juelich.de
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Concept: Systematic Orbit splitting (Dave Kawall)

v

A Splitting of beam orbits:] ® e pep T |

A0 T denotes the vertical betatron tune
A Modulated 0 [p & ATGO 9Jhwithd 1@
A Splitting correspondsto 6 1@ ¢ép 1T /E4

A In one year of measurement: p Ttfills of p 1T TO=ach
b, Tié ép 1t Aper fill

Required sensitivity p& WEK( Uachievable only with

state-of-the-art SQUID magnetometers.
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Recent Progress: Magnetic shielding

Next generation nEDM experiment under development at TUM (FRM II):

A Goal: Improve present nEDM limit by factor p 1.1t
A Experiment shall use multi-layer shield.
A Applied magnetic field: " pz¢® * 4.

1 2 3 45 6
7 600— - T
r i
500f — W/P s
L __w/op P i)
'_4005 _wall /,f 'l
— r 7
=300 -
- :
200¢
1005 J. Appl. Phys. 117 (2015)
0:

00 02 04 06 08 10
y [m]

At mHz frequencies, dampingof |6 | pép machieved
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Insert: Spin closed orbit and spin tune

Spin closed orbit

one particle with

magnetic moment E - _ \
makes one turn O, fBpin closed orbit vectoro

rspin tuneo

20 ¢ 1 O

stable polarization
i § &, €

Si

The number of spin precessions per turn is called spin tune h,y
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Challenge: Spin coherence time (SCT) 0JUL'CH

We usually d o nworty about coherence of spins along €

Polarization along
¢ not affected!

\/

At injection all After some time, spin vectors get out of
spin vectors aligned (coherent) phase and fully populate the cone

Situation very different, when you deal with ®U ¢ machines with frozen spin.

o
Longitudinal polarization
vanishes!

At injection all spin vectors aligned Later, spin vectors are out of
phase in the horizontal plane

In a machine with frozen spins the buildup time

to observe a polarization 0 (0) Q is limited by t
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Cooler and storage ring for (polarized) protons and deuterons

ot
......
ity

Phase space
cooled internal &
extracted beams

g
‘ A

-

a-n:. - istareireglpoint
forn EDM search
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Spin coherence time: Experimental investigation

polarimeter

free precession

-
-~ -

"""" turn spin

-
-

Vertically polarized deuterons stored in COSY atfp p—.

The polarization is flipped into horizontal plane with RF solenoid (takes ¢ Tt it O

Beam slowly extracted on Carbon target with ramped bump or by heating the beam.

A

Horizontal (in-plane) polarization determined from Up-Do asymmetry in the detector.

Need to keep track of event time and revolution time from turn to turn
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