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Ma7er-‐an8ma7er	  asymmetry	  

Big	  Bang	  Theory:	  ini8al	  symmetric	  configura8on	  of	  the	  universe	  

BARYOGENESIS	   Sakharov’s	  condi8ons	  (1967):	  
	  
•  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  viola8on	  
•  Departure	  from	  thermal	  equilibrium	  
•  C	  and	  CP	  viola8on	  
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Standard	  Model	  (SM):	  
•  Contains	  the	  3	  elements	  
•  Does	  not	  account	  for	  baryon	  asymmetry	  
•  CP-‐viola8on	  source	  is	  too	  small	  
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STANDARD	  MODEL	  
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Ø Quantum	  Chromodynamics	  (QCD)	  
	  
	  	  	  	  	  Source:	  CP-‐viola8ng	  term	  in	  the	  Lagrangian	  𝛳QCD	  	  
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BEYOND	  SM	  

•  Several	  proposed	  models	  
•  New	  CP-‐viola8ng	  sources	  
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EDM	  search	  



The	  Electric	  Dipole	  Moment	  
•  Permanent	  separa8on	  of	  posi8ve	  and	  nega8ve	  electrical	  charges	  

within	  the	  par8cle	  volume	  
	  
•  It	  lies	  along	  the	  spin	  vector	  
	  
•  It	  violates	  both	  parity	  P	  and	  8me	  reversal	  T	  symmetries	  	  
	  



Assuming	  the	  CPT	  symmetry	  to	  be	  conserved	  
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Theore8cal	  predic8ons	  

de
SM <10−38e ⋅cm

dN
SM <10−32e ⋅cm

SM	  

(UNOBSERVABLE)	  

Models	  beyond	  SM	  
predict	  EDM	  values	  that	  are	  close	  
to	  the	  sensi8vity	  of	  current	  and	  

future	  experiments	  
	  





Searching	  EDM:	  Neutral	  systems	  

Par$cle/Atom	   Current	  EDM	  limit	  (e·∙cm)	   Future	  Goal	  (e·∙cm)	  

Neutron	   <2.9x10-‐26	   ~10-‐28	  
199Hg	   <3.1x10-‐29	   ~10-‐29	  
205Tl	   <9x10-‐25	   ~10-‐28	  -‐	  10-‐31	  

Proton	   <7.9x10-‐25	   ~10-‐29	  

Deuteron	   ~10-‐29	  

Basic	  idea:	  apply	  E-‐field	  and	  look	  for	  the	  energy	  shih	  	  
	  
•  Precession	  frequency	  in	  B	  and	  E	  field	  (spin	  ½):	  

•  2	  cases:	  E	  parallel	  and	  an8parallel	  to	  B	  
•  Subtrac8ng	  the	  2	  frequencies	  cancels	  out	  the	  magne8c	  term:	  

−

d ⋅

E

ω± = −2

µ ⋅

B  2


d ⋅

E

d = Δω
4E

First	  experiment:	  Purcell	  and	  Ramsey	  (1951)	  searched	  for	  neutron	  EDM	  

13	  



How	  to	  measure	  EDM	  for	  charged	  par8cles	  
•  Impossible	  to	  trap	  charged	  par8cles	  
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spin	  precession	  frequency	  in	  
the	  horizontal	  plane	  
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	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  pure	  electric	  ring!	  

B = 0→

•  Deuterons	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  no	  magic	  momentum:	  
	  	  	  	  	  	  magne8c	  field	  with	  a	  radial	  outward	  electric	  field	  	  

G = −0.14 < 0→



Storage	  ring	  projects	  

BNL	  all	  electric	  ring	  for	  protons	  

R.	  Talman	  

EDM	  with	  E	  and	  B-‐fields	  at	  COSY	  

A.	  Lehrach	  



EDM	  search	  and	  Spin	  Coherence	  Time	  
Ø  The	  minimal	  detectable	  precession	  angle	  is	  
	  

Ø  If	  we	  assume:	  
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EDM	  search	  and	  Spin	  Coherence	  Time	  
Ø  The	  minimal	  detectable	  precession	  angle	  is	  
	  

Ø  If	  we	  assume:	  

	  
Ø  We	  need	  the	  par8cles	  spin	  to	  be	  in	  phase	  	  

	  	  	  	  	  for	  at	  least	  103	  s	  to	  detect	  the	  EDM	  signal	  
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n̂
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n̂

Aher	  some	  8me	  the	  spin	  
vectors	  are	  all	  out	  of	  phase	  
in	  the	  horizontal	  plane	  

Loss	  of	  longitudinal	  
polariza8on.	  We	  have	  a	  
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SCT	  tests	  at	  	  the	  COoler	  SYnchrotron	  (FZJ)	  

•  Momentum	  p	  <	  3.7	  GeV/c	  

•  Circumference:	  183	  m	  
	  
•  Polarized	  protons	  and	  
deuterons	  

•  Manipula8on	  of	  beam	  size	  and	  
polariza8on	  

	  
Dedicated	  SCT	  studies	  at	  the	  COSY	  
facility	  

Supported	  with	  a	  spin	  
tracking	  code:	  	  
COSY-‐INFINITY	  



GOAL:	  

Benchmark	  the	  COSY-‐INFINITY	  code	  against	  the	  EDM	  feasibility	  
tests	  performed	  at	  the	  COSY	  storage	  ring	  



WORK	  PLAN:	  

Simula8on	  of	  beam	  and	  spin	  dynamics	  in	  the	  COSY	  storage	  ring:	  

•  Spin	  tune	  calcula8on	  
•  Contribu8on	  of	  synchrotron	  and	  betatron	  
oscilla8ons	  to	  the	  spin	  tune	  spread	  

•  Es8ma8on	  of	  the	  SCT	  
•  RF	  cavity	  compensa8on	  
•  Correc8on	  with	  sextupoles	  

GOAL:	  

Benchmark	  the	  COSY-‐INFINITY	  code	  against	  the	  EDM	  feasibility	  
tests	  performed	  at	  the	  COSY	  storage	  ring	  



The	  COSY-‐INFINITY	  code	  
•  Need	  for	  tracking	  both	  the	  posi8on	  and	  the	  spin	  

•  Jülich	  collabora8on	  chose	  the	  COSY-‐INFINITY	  code	  (Prof.	  M.	  Berz	  –	  MSU)	  
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The	  COSY-‐INFINITY	  code	  
•  Need	  for	  tracking	  both	  the	  posi8on	  and	  the	  spin	  

•  Jülich	  collabora8on	  chose	  the	  COSY-‐INFINITY	  code	  (Prof.	  M.	  Berz	  –	  MSU)	  

Ø Object	  oriented	  language	  
Ø  It	  computes	  the	  one-‐turn	  transfer	  map	  for	  each	  single	  op8cal	  element	  

in	  the	  beam	  line	  

	  

31	  



The	  COSY-‐INFINITY	  code	  
•  Need	  for	  tracking	  both	  the	  posi8on	  and	  the	  spin	  

•  Jülich	  collabora8on	  chose	  the	  COSY-‐INFINITY	  code	  (Prof.	  M.	  Berz	  –	  MSU)	  

Ø Object	  oriented	  language	  
Ø  It	  computes	  the	  one-‐turn	  transfer	  map	  for	  each	  single	  op8cal	  element	  

in	  the	  beam	  line	  
Ø Using	  Differen8al	  Algebra	  (DA)	  techniques	  to	  op8mize	  the	  Taylor	  

expansion	  cofficients,	  it	  calculates	  the	  transfer	  map	  that	  relates	  the	  
ini8al	  and	  the	  final	  par8cle	  state:	  

	  

z f =Μ
zi,

δ( )
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The	  COSY-‐INFINITY	  code	  
•  Need	  for	  tracking	  both	  the	  posi8on	  and	  the	  spin	  

•  Jülich	  collabora8on	  chose	  the	  COSY-‐INFINITY	  code	  (Prof.	  M.	  Berz	  –	  MSU)	  

Ø Object	  oriented	  language	  
Ø  It	  computes	  the	  one-‐turn	  transfer	  map	  for	  each	  single	  op8cal	  element	  

in	  the	  beam	  line	  
Ø Using	  Differen8al	  Algebra	  (DA)	  techniques	  to	  op8mize	  the	  Taylor	  

expansion	  cofficients,	  it	  calculates	  the	  transfer	  map	  that	  relates	  the	  
ini8al	  and	  the	  final	  par8cle	  state:	  

Ø  Repe88ve	  system:	  only	  a	  one	  turn	  map	  has	  to	  be	  computed:	  this	  makes	  
it	  much	  faster	  than	  ray	  tracing	  codes	  that	  trace	  each	  individual	  par8cle	  
through	  the	  system	  

z f =Μ
zi,

δ( )
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The	  COSY-‐INFINITY	  code	  
•  Need	  for	  tracking	  both	  the	  posi8on	  and	  the	  spin	  

•  Jülich	  collabora8on	  chose	  the	  COSY-‐INFINITY	  code	  (Prof.	  M.	  Berz	  –	  MSU)	  

Ø Object	  oriented	  language	  
Ø  It	  computes	  the	  one-‐turn	  transfer	  map	  for	  each	  single	  op8cal	  element	  

in	  the	  beam	  line	  
Ø Using	  Differen8al	  Algebra	  (DA)	  techniques	  to	  op8mize	  the	  Taylor	  

expansion	  cofficients,	  it	  calculates	  the	  transfer	  map	  that	  relates	  the	  
ini8al	  and	  the	  final	  par8cle	  state:	  

Ø  Repe88ve	  system:	  only	  a	  one	  turn	  map	  has	  to	  be	  computed:	  this	  makes	  
it	  much	  faster	  than	  ray	  tracing	  codes	  that	  trace	  each	  individual	  par8cle	  
through	  the	  system	  

z f =Μ
zi,

δ( )

•  Only	  aher	  successful	  benchmarking,	  the	  code	  can	  be	  used	  for	  designing	  
an	  innova8ve	  dedicated	  ring	  for	  EDM	  measurements	  
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Spin	  Tune	  and	  Spin	  Coherence	  Time	  

•  The	  spin	  tune	  𝝂	  =	  G𝜸	  is	  the	  number	  of	  revolu8ons	  of	  the	  spin	  vector	  
around	  the	  spin	  invariant	  axis	  in	  one	  turn	  

	  
	  
	  
	  
	  
	  
	  	  	  	  	  	  	  

SINGLE	  PARTICLE	  
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Spin	  Tune	  and	  Spin	  Coherence	  Time	  

•  The	  spin	  tune	  𝝂	  =	  G𝜸	  is	  the	  number	  of	  revolu8ons	  of	  the	  spin	  vector	  
around	  the	  spin	  invariant	  axis	  in	  one	  turn	  

	  
	  
	  
	  
	  
	  
	  	  	  	  	  	  BEAM	  OF	  PARTICLES	  
•  Par8cles	  with	  different	  displacements	  (Δx,	  Δy,	  Δp/p)	  have	  different	  

spin	  tunes	  	  	  	  	  	  	  	  	  	  	  spin	  tune	  spread	  Δ𝝂	  	  
•  It	  is	  related	  to	  the	  spin	  coherence	  8me:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝝉SC	  ∝	  1/|Δ𝝂|	  
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Spin	  tracking:	  Reference	  Par8cle	  

•  Deuterons	  with	  p	  =	  970	  MeV/c	  
•  Cyclotron	  frequency	  fcyc	  
•  Mo8on	  on	  the	  reference	  orbit:	  
	  	  	  	  	  	  	  it	  goes	  through	  the	  center	  of	  all	  
	  	  	  	  	  	  	  magnets	  
	  

1	  spin	  rota8on	  
every	  ~6.23	  turns	  

Sy	   Sx	  

Sz	  

SPIN	  TUNE:	  
𝝂RP	  =	  Gϒ	  =	  0.1604981	  
	  

	  =	  (Sx,Sy,Sz)	  

S

∆x	  =	  ∆y	  =	  0	  	  	  ;	  	  	  	  ∆p/p	  =	  0	  



Decoherence	  effects	  -‐	  1	  	  
Longitudinal	  mo8on	  

Momentum	  dispersion	  in	  the	  beam	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Par8cles	  with	  ∆p/p	  =	  (p’-‐	  p)/p	  ≠	  0	  
	  

Different	  veloci8es	   Different	  G𝜸	  	  
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Decoherence	  effects	  -‐	  1	  	  
Longitudinal	  mo8on	  

Momentum	  dispersion	  in	  the	  beam	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Par8cles	  with	  ∆p/p	  =	  (p’-‐	  p)/p	  ≠	  0	  
	  

Different	  veloci8es	   Different	  G𝜸	  	  

∆𝝂	  ∝	  ∆p/p	  Linear	  effect	  
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Decoherence	  effects	  -‐	  1	  	  
Longitudinal	  mo8on	  

Momentum	  dispersion	  in	  the	  beam	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Par8cles	  with	  ∆p/p	  =	  (p’-‐	  p)/p	  ≠	  0	  
	  

Different	  veloci8es	   Different	  G𝜸	  	  

∆𝝂	  ∝	  ∆p/p	  Linear	  effect	  

Compensated	  by	  
bunching	  the	  beam	  

<∆p/p>	  =	  0	  

SYNCHROTRON	  OSCILLATIONS	  
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Decoherence	  effects	  -‐	  1	  	  
Longitudinal	  mo8on	  

Momentum	  dispersion	  in	  the	  beam	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Par8cles	  with	  ∆p/p	  =	  (p’-‐	  p)/p	  ≠	  0	  
	  

Different	  veloci8es	   Different	  G𝜸	  	  

∆𝝂	  ∝	  ∆p/p	  Linear	  effect	  

Compensated	  by	  
bunching	  the	  beam	  

<∆p/p>	  =	  0	  

SYNCHROTRON	  OSCILLATIONS	  
∆𝝂	  ∝	  (∆p/p)2	  

Residual	  quadra8c	  
dependence:	  
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Simula8ons	  

Δ𝝂	  =	  <𝝂>	  -‐	  <𝝂RP>	  
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Prob       1
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p0        3.324e-07± 0.1605 
p1        0.0002294± -0.3395 
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10-‐4	  s	  ≲	  𝜏SC	  ≲	  10-‐2	  s	  	  



Simula8ons	  

Δ𝝂	  =	  <𝝂>	  -‐	  <𝝂RP>	  

p/pΔ
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

-310×

ν
0.16049775

0.1604978

0.16049785

0.1604979

0.16049795

0.160498

0.16049805

0.1604981

0.16049815

 / ndf 2χ  9.71e-16 / 6
Prob       1
p0        6.429e-09± 0.1605 
p1        1.642e-05± -0.0001023 
p2        0.07249± -2.294 

 / ndf 2χ  9.71e-16 / 6
Prob       1
p0        6.429e-09± 0.1605 
p1        1.642e-05± -0.0001023 
p2        0.07249± -2.294 

p/p - Sext OFF - 3rd orderΔSpin Tune vs. 

p/pΔ
-0.003 -0.002 -0.001 0 0.001 0.002 0.003

ν

0.1595

0.16

0.1605

0.161

0.1615
 / ndf 2χ  1.58e-11 / 11

Prob       1
p0        3.324e-07± 0.1605 
p1        0.0002294± -0.3395 

 / ndf 2χ  1.58e-11 / 11
Prob       1
p0        3.324e-07± 0.1605 
p1        0.0002294± -0.3395 

p/pΔSpin Tune vs. 

RF	  OFF:	   RF	  ON:	  

Longitudinal	  mo8on	  

∆𝝂	  ∝	  ∆p/p	   ∆𝝂	  ∝	  (∆p/p)2	  

10-‐4	  s	  ≲	  𝜏SC	  ≲	  10-‐2	  s	  	   10-‐1	  s	  ≲	  𝜏SC	  ≲	  10	  s	  	  



Decoherence	  effects	  -‐	  2 
Transverse	  mo8on	  

•  Displacement	  from	  reference	  orbit:	  Δx,	  Δy	  

BETATRON	  OSCILLATIONS	  
•  Par8cles	  with	  ∆p/p	  ≠	  0	  

	  	  	  	  eB𝜌	  =	  p	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Modified	  orbit	  
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Path	  lengthening:	  	  
ΔL
L
≈

Δ #x( )2 + Δ #y( )2
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Decoherence	  effects	  -‐	  2 
Transverse	  mo8on	  

•  Displacement	  from	  reference	  orbit:	  Δx,	  Δy	  

BETATRON	  OSCILLATIONS	  
•  Par8cles	  with	  ∆p/p	  ≠	  0	  

	  	  	  	  eB𝜌	  =	  p	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Modified	  orbit	  

Path	  lengthening:	  	  
ΔL
L
≈

Δ #x( )2 + Δ #y( )2

4

•  The	  RF	  cavity	  keeps	  all	  par8cles	  on	  average	  isochronous:	  

Same	  frequency	  
Different	  paths	  

Different	  veloci8es	   Different	  G𝜸	  	  



∆𝝂	  ∝	  A(∆x)2	  +	  B(∆y)2	  	  	  

Decoherence	  effects	  -‐	  2 
Transverse	  mo8on	  

•  Displacement	  from	  reference	  orbit:	  Δx,	  Δy	  

BETATRON	  OSCILLATIONS	  
•  Par8cles	  with	  ∆p/p	  ≠	  0	  

	  	  	  	  eB𝜌	  =	  p	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Modified	  orbit	  

Path	  lengthening:	  	  
ΔL
L
≈

Δ #x( )2 + Δ #y( )2

4

•  The	  RF	  cavity	  keeps	  all	  par8cles	  on	  average	  isochronous:	  

Same	  frequency	  
Different	  paths	  

Different	  veloci8es	   Different	  G𝜸	  	  

Quadra8c	  effect	  



x (mm)Δ
-40 -30 -20 -10 0 10 20 30 40

ν

0.160494

0.1604945

0.160495

0.1604955

0.160496

0.1604965

0.160497

0.1604975

0.160498

0.1604985

 / ndf 2χ  3.43e-16 / 12
Prob       1
p0        2.078e-09± 0.1605 
p1        6.39e-11± 5.462e-10 
p2        3.33e-12± -3.106e-09 

 / ndf 2χ  3.43e-16 / 12
Prob       1
p0        2.078e-09± 0.1605 
p1        6.39e-11± 5.462e-10 
p2        3.33e-12± -3.106e-09 

x - RF ON - V = 0.7 KVΔSpin Tune vs. 

y (mm)Δ
-40 -30 -20 -10 0 10 20 30 40

ν

0.1604981

0.1604982

0.1604983

0.1604984

0.1604985

0.1604986

0.1604987

0.1604988

0.1604989

0.160499

 / ndf 2χ  2.365e-19 / 12
Prob       1
p0        5.458e-11± 0.1605 
p1        1.678e-12± -2.019e-15 
p2        8.743e-14± 6.652e-10 

 / ndf 2χ  2.365e-19 / 12
Prob       1
p0        5.458e-11± 0.1605 
p1        1.678e-12± -2.019e-15 
p2        8.743e-14± 6.652e-10 

y - RF ON - V = 0.7 KVΔSpin Tune vs. 

Transverse	  mo8on	  
Simula8ons	  

Δ𝝂	  =	  <𝝂>	  -‐	  <𝝂RP>	  

∆𝝂	  ∝	  (∆x)2	   ∆𝝂	  ∝	  (∆y)2	  
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x (mm)Δ
-40 -30 -20 -10 0 10 20 30 40

ν

0.160494

0.1604945

0.160495

0.1604955

0.160496

0.1604965

0.160497

0.1604975

0.160498

0.1604985

 / ndf 2χ  3.43e-16 / 12
Prob       1
p0        2.078e-09± 0.1605 
p1        6.39e-11± 5.462e-10 
p2        3.33e-12± -3.106e-09 

 / ndf 2χ  3.43e-16 / 12
Prob       1
p0        2.078e-09± 0.1605 
p1        6.39e-11± 5.462e-10 
p2        3.33e-12± -3.106e-09 

x - RF ON - V = 0.7 KVΔSpin Tune vs. 

y (mm)Δ
-40 -30 -20 -10 0 10 20 30 40

ν

0.1604981

0.1604982

0.1604983

0.1604984

0.1604985

0.1604986

0.1604987

0.1604988

0.1604989

0.160499

 / ndf 2χ  2.365e-19 / 12
Prob       1
p0        5.458e-11± 0.1605 
p1        1.678e-12± -2.019e-15 
p2        8.743e-14± 6.652e-10 

 / ndf 2χ  2.365e-19 / 12
Prob       1
p0        5.458e-11± 0.1605 
p1        1.678e-12± -2.019e-15 
p2        8.743e-14± 6.652e-10 

y - RF ON - V = 0.7 KVΔSpin Tune vs. 

Transverse	  mo8on	  
Simula8ons	  

10-‐1	  s	  ≲	  𝜏SC	  ≲	  10	  s	  	  

Δ𝝂	  =	  <𝝂>	  -‐	  <𝝂RP>	  

∆𝝂	  ∝	  (∆x)2	   ∆𝝂	  ∝	  (∆y)2	  
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x (mm)Δ
-40 -30 -20 -10 0 10 20 30 40

ν

0.160494

0.1604945

0.160495

0.1604955

0.160496

0.1604965

0.160497

0.1604975

0.160498

0.1604985

 / ndf 2χ  5.728e-16 / 12
Prob       1
p0        2.686e-09± 0.1605 
p1        8.258e-11± 5.885e-10 
p2        4.303e-12± -3.091e-09 

 / ndf 2χ  5.728e-16 / 12
Prob       1
p0        2.686e-09± 0.1605 
p1        8.258e-11± 5.885e-10 
p2        4.303e-12± -3.091e-09 

x - RF ON - V = 0.7 KVΔSpin Tune vs. 

Comparison	  with	  data	  

(Ed	  Stephenson’s	  note	  on	  SCT)	  

∆xexp	  =	  5	  mm	  
𝝉exp	  =	  11.4	  s	  exp	  =	  11.4	  s	  
	  

Scaling	  using	  the	  beta	  func8ons:	  
	  
	  
	  
𝝉COSY	  =	  11.6	  s	  
	  

εβx = Δx( )2 ⇒ΔxCOSY =
βx(exp)

βx(COSY )

Δxexp = 2.73mm

Simula8ons	   Data	  



x (mm)Δ
-40 -30 -20 -10 0 10 20 30 40

ν

0.160494

0.1604945

0.160495

0.1604955

0.160496

0.1604965

0.160497

0.1604975

0.160498

0.1604985

 / ndf 2χ  5.728e-16 / 12
Prob       1
p0        2.686e-09± 0.1605 
p1        8.258e-11± 5.885e-10 
p2        4.303e-12± -3.091e-09 

 / ndf 2χ  5.728e-16 / 12
Prob       1
p0        2.686e-09± 0.1605 
p1        8.258e-11± 5.885e-10 
p2        4.303e-12± -3.091e-09 

x - RF ON - V = 0.7 KVΔSpin Tune vs. 

Comparison	  with	  data	  

Simulated	  SCT	  comparable	  to	  the	  measured	  one	  
(Ed	  Stephenson’s	  note	  on	  SCT)	  

∆xexp	  =	  5	  mm	  
𝝉exp	  =	  11.4	  s	  exp	  =	  11.4	  s	  
	  

Scaling	  using	  the	  beta	  func8ons:	  
	  
	  
	  
𝝉COSY	  =	  11.6	  s	  
	  

εβx = Δx( )2 ⇒ΔxCOSY =
βx(exp)

βx(COSY )

Δxexp = 2.73mm

Simula8ons	   Data	  



Compensa8on	  of	  the	  Betatron	  Mo8on	  

•  Use	  of	  the	  sextupoles	  families	  in	  the	  arcs	  to	  cancel	  the	  spin	  tune	  spread	  
due	  to	  the	  betatron	  mo8on	  

	  

Why	  sextupoles?	   B	  ∝	  r2	  



1
τ SC

= A Δx( )2 + ak2
MXS Δx( )2

Sextupole	  field	  
Beam	  emi7ance	  term	  

Simula8on	  of	  the	  sextupoles	  effect	   56	  



1
τ SC

= A Δx( )2 + ak2
MXS Δx( )2

Sextupole	  field	  
Beam	  emi7ance	  term	  

Need	  for:	  ak2MXS	  =	  -‐A	  
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1
τ SC

= A Δx( )2 + ak2
MXS Δx( )2

Sextupole	  field	  
Beam	  emi7ance	  term	  

Need	  for:	  ak2MXS	  =	  -‐A	  

)-3MXS (m
0.7556 0.7557 0.7558 0.7559 0.756 0.7561 0.7562 0.7563 0.7564

 (s
)

SCτ

310

410

510

610

p0        0.1302± 1.512 
p1        1.838e-06± 0.756 
p0        0.1302± 1.512 
p1        1.838e-06± 0.756 

x = 1mm - Dipoles Sext Fit Value ONΔSpin Coherence Time vs. MXS - 

Simula8on	  of	  the	  sextupoles	  effect	   58	  



Comparison	  with	  data	  

Simula8ons	  

)-3MXS (m
0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9

)
-1

 (
s

S
C
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1/

-0.01

-0.005

0

0.005

0.01

0.015

0.02
x = 1mmΔ

x = 3mmΔ

 vs. MXSSCτ1/



Comparison	  with	  data	  

Simula8ons	  

•  The	  zero-‐crossing	  point	  is	  independent	  of	  the	  chosen	  ∆x	  value	  
	  

)-3MXS (m
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x = 3mmΔ

 vs. MXSSCτ1/



Comparison	  with	  data	  

Simula8ons	   Data	  

•  The	  zero-‐crossing	  point	  is	  independent	  of	  the	  chosen	  ∆x	  value	  
	  

)-3MXS (m
0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9
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s

S
C

τ
1/

-0.01

-0.005

0

0.005

0.01

0.015

0.02
x = 1mmΔ

x = 3mmΔ
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∆x	  



Comparison	  with	  data	  

Simula8ons	   Data	  

•  The	  zero-‐crossing	  point	  is	  independent	  of	  the	  chosen	  ∆x	  value	  
	  

•  Factor	  ~7 between	  simulated	  and	  measured	  k2 values,	  sugges8ng	  
the	  presence	  of	  unaccounted-‐for	  sextupole	  components	  in	  the	  ring	  

)-3MXS (m
0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9
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 (
s

S
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-0.01

-0.005

0
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∆x	  



K2(MXL)	  =	  C0	  +	  C1*K2(MXS)	  

Combining	  two	  sextupole	  families	  it	  is	  possible	  to	  correct	  also	  the	  
ver8cal	  offset’s	  effect:	  

Linearity	  check	  



)-3MXS (m
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

)
-3

M
XL

 (m

0

0.2

0.4

0.6
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x = 1 mmΔMXL - MXS Plane - Correction for 
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Combining	  two	  sextupole	  families	  it	  is	  possible	  to	  correct	  also	  the	  
ver8cal	  offset’s	  effect:	  

Linearity	  check	  



)-3MXS (m
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

)
-3

M
XL

 (m

0

0.2

0.4

0.6

0.8

1

1.2

x = 1 mmΔMXL - MXS Plane - Correction for 

K2(MXL)	  =	  C0	  +	  C1*K2(MXS)	  

)-3MXS (m
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

)
-3

M
X

L
 (

m

0

0.2

0.4

0.6

0.8

1

1.2
xΔ
yΔ

y = 1 mmΔx = 1 mm and ΔMXL - MXS Plane - Correction for 

Combining	  two	  sextupole	  families	  it	  is	  possible	  to	  correct	  also	  the	  
ver8cal	  offset’s	  effect:	  

•  The	  two	  straight	  lines	  cross	  each	  other	  	  	  	  	  	  	  	  	  	  	  	  	  simultaneous	  
compensa8on	  is	  possible	  

•  Due	  to	  acceptance	  problems	  of	  the	  COSY	  ring,	  no	  data	  for	  the	  
ver8cal	  offset	  case	  will	  be	  available	  

	  

Linearity	  check	  



Conclusions	  
•  EDM	  is	  a	  high	  sensi8ve	  probe	  of	  new	  physics	  	  

•  New	  fron8er:	  search	  of	  charged	  par8cles	  EDM	  in	  storage	  rings	  
	  
•  EDM	  experiment	  demands	  SCT	  >	  103	  s	  

•  Feasibility	  tests	  performed	  at	  the	  COSY	  storage	  ring	  

•  COSY-‐INFINITY	  code	  benchmarked	  against	  these	  tests:	  
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BETATRON	  mo8on	  
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Conclusions	  
•  EDM	  is	  a	  high	  sensi8ve	  probe	  of	  new	  physics	  	  

•  New	  fron8er:	  search	  of	  charged	  par8cles	  EDM	  in	  storage	  rings	  
	  
•  EDM	  experiment	  demands	  SCT	  >	  103	  s	  

•  Feasibility	  tests	  performed	  at	  the	  COSY	  storage	  ring	  

•  COSY-‐INFINITY	  code	  benchmarked	  against	  these	  tests:	  

ü  Correctly	  reproduces	  the	  SCT	  dependence	  on	  SYNCHROTRON	  and	  
BETATRON	  mo8on	  

	  
ü  Sextupoles	  used	  to	  lengthen	  SCT	  

Promising	  tool	  for	  the	  design	  of	  a	  new	  genera8on	  of	  
storage	  rings	  to	  be	  used	  for	  EDM	  search	  	  




