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Why bother with EDMSs? |

|s the accuracysu cient to probe TeV scaleand beyond?

Typicalenergyresoultionin modernEDM experimens
Energy 10 °Hz 10 eV

translateqo limits on EDMs

idj < Energy

: 10 ¢ cm
Electric eld

Comparingwith theoreticallyinferredscaling,

1 MeV
d 10° ——5—;
CP
we getsensitivit y to
cp 1TeV

Comparable with the LHC reach!



Electric Dip ole Momen ts |

Purcelland Ramsey(1949)(\ How do we know that strongin-
teractionsconserg parity?' ! jdsj < 3 10 8%ecm.)

S S
H= B = dE =
S S

d 6 0 meanghat both P andT arebroken. If CPT holdsthen
CP is brokenaswell.

CPT is basedon locality, Loreriz invarianceand spin-statistics
= very safeassumption.

sear® for EDM = seard for CP violation, if CPT holds

Relativisticgeneralization

S |
Hrp osda = dE §! Lcp odd = dé 5 F ;

correspndsto dimensionv ee ective operatorandnaively sug-
gests1=M new physics Scaling. Dueto SU(2) U(1) invariance,
hoveer, it scaleasm; =M 2.



Curren t Exp erimen tal Limits |

"paramagneticDM", Berkeleyexperimert
jonj< 9 10 Pecm
"diamagneticEDM", U of Washingtorexperimert
jdhgi < 2 10 “®ecm
neutronEDM, ILL-basedexperimert
jdnj < 3 10 %ecm
Despitewidely di erent numebrs,the interplay of atomic and

nuclear physicsleadsto the apprximately the sameleel of
sensitiviy to constitutents, d;  O(10 *®)ecm.

(In addition, there are valuablebut lesssensitie resultsfrom
Michigan(Xe), Leningrad(n), AmherstColleggCs),...)



Expansion of experimental EDM program |

Paramagneti&€DMs (electronEDM):

PbO, Yale;d. 10 3%cm

YbF, IC UL;d. 10 %%ecm
SolidStateexperimens, LANL, de 10 3lecm
Rb and Csin opticallattices....

DiamagneticDMs

Hg, U of Washingtongdyy 10 “ecm
Rn, TRIUMF etal.,dg, 10 %’ecm
Ra, Argonnedgrs 10 %‘ecm

Liquid Xe idea,Princeton...

nuclearEDMs

neutron ILL-basedand PSl-basedd, 10 2’ecm
neutron LANL-OakRidge;d, 10 ?%ecm

NewBNL project with D in storagering,dp 10 ?%ecm.

Muon EDM down to 10 2%ecm.



CP violation via iIn CKM matrix |

Therearetwo possiblesource®f CP violationat a renormaliz-
ablelewel: xm and ocp.

km Istheformof CP violationthat appearsonlyin the charged
curren interactionsof quarks.

L= p% UW*VD, + (H.c):

CP violationis closelyrelatedto avour changinginteractions.

0 1 0 10 1 0 1

dl Vud Vus Vub d d
Eslgzgvcd Ves Vch%SE VCKM%SE:
b Vid Mis Vib™ b b

CKM maodelof CP violationis independenlycheded usingnu-
tral K andB systemsNo other sourcesof CP are neededto
describe obsenables!

CP violationdisapgarif any pair of the samechargequarksis
degenerater somemxinganglessanish.

Jep = IM(VipVigVedVyy)
V¢ YOO YO YOS YOE YD vE)
< 10 15



Why EDMs are imp ortan t|

g
IR EA
> L 5D e v
d d

......
---------

CKM phasegenerateiny EDMs:
di  IM(VipVigVedVe) sMygGEmS  loop suppression
< 10 *¥ecm

EDMs do not have g um-inducedbadkground. On a ip-side,
ck M cannotsourcebaryogenesis.

EDMstest

1. Extra amoun of CP violationin mary modelsbeyond SM
2. Sometheoriesof baryogenesis
3. Mostly scalar-fermioninteractionsin the theory

4. EDMs are oneof the very few low-energyprobesthat are
sensitie to energyscaleof newphysicsbeyond1 TeV



From SUSY to an atomic/n uclear EDM |

Energy
A fundamental CP-odd phases
TeV —— (MSSM)

/ ltan&&
Qo (a.dq dqw ]
N ,C
N qq
nuclear ) E ) A l
! |neutron EDM |
\/ L
EDMs of EDMs of
atomic—— paramagnetic diamagnetic
atoms (TI) atoms (Hg)

Hadronicscalel GeV,isthe normalizatiorpoint wherepertur-
bative calculationsstop.



E ectiv e CP-odd Lagrangian at 1 GeV|

Khriplovich et al., Weirberg,... Appying EFT, onecanclassify
all CP-odd operators of dimension4,5,6,...at = 1 GeV.

2
Léﬁevz 952 QCDGa@‘ ;a

| 32
I X — I x —
éi:e;u;d;sdl i(F ) > | éi:u;d;séII igS(G ) > |
FIWEPGR G G 4 Cij (i DCjls )+
3 I =e;d;s;b

If the model of newphysicsis speci ed, for examplea speci ¢
paparametespaceoirt in the SUSYmadel, Wilsoncece cients
di; di, etc. canbe calculated.

Togetbeyondsimpleestimatespneneedsd,. a:om asafunction
of ;di; di; w; Cj, whidh requiresnon-gerturbative calculations.



Strong CP problem |

Energyof QCD vacuumdependson -angle:

E()=  “m hggi + O( %m)
wherehggl is the quark vacuumcondensatand m is the re-

ducedguarkmassm = "M : |n CP-add channel,

mu+ md )

m
d e— (6 101 ecm

had
StrongCP problem= naturalnesproblem= Why j j < 10 °
whenit couldhave been O(1)? cankeep"memory" of
CP violationat Plan& scaleand beyond. Suggestedolutions

Minimal solutionm, = 0  apparetly canbe ruled out
by the chiral theory analysisof other hadronic(CP-e\en)
obserables.

= 0 by constructionrequiringeitherexactP or CP at high
energies their sportaneoudbreaking. Tightly constrained
scenario.

Axion, a(x)=f,, relaxesto E = 0, eliminatingtheta
term. a(x) isaverylight eld. Not foundsofar.



Does SUSY add arnything conceptuallynew to the story of
StrongCP problem?

Modelsthat have O built-in by construction(exact par-
ity and/or exactCP, sportanepouslybroken at the scale ¢p)
aresensitie to radiative correctiondo . Therearemorepos-
sibilitiesfor creatinga substatially non-zero 54 throughthe
soft-breakingphases.Yet in the modelswheres.b. phasesre
nil, and sysy breaking cp, correctiondo aresuppressed
dueto non-renormalizatiotheorems.



Synopsis of EDM form ulael

Thallium EDM:
The St (EDM screeningjheoremis violatedby relativistic
(magnetic)e ects. Atomic physicsto 10 20%accuracygives

dn = 58%, e43GevC?

whereCs Is the cce cient in front of NNie se. Parametric
grovth of atomicEDM isde ~ 2Z3logZ.

neutronEDM:
50-100%ewelaccuracyQCD sumrule ewaluationofd,, is avail-
able.lo e-like approab gives
em 4 1 m, 2°2 0 1t
d, = ;dh= =dy  =d o—dy+ =duk
= gz = gle g eb R Badat oG
(Repralucesnaive quark model and comescloseto chiral-log
estimates)

Mercury EDM: Screeningheoremis avoidedby the nite size
of the nucleus

dng = drg S(9 NN (G Cql); Cs[Cqel; Cp[Ceq; de. :

For mostmodelsg nn Isthe mostimportant source.Theresult
Isdominatedoy d; dg but the uncertainy is large:

dig=7 10°%e(dy dg) + ::



Betteraccuracyor diamagneti€DMscanonly be adiievedvia
a moreprecisevaluefor

Mg 0N (G )gN1 - ANjogN1h0g(G )gO



CP violation from the soft-breaking |

GeneridMSSMcortainsmary soft-breakingparametersinclud-
iIng O(40) (?) complexphases.

L= HgH,+B HgH,+ (hic)
Mz 3 3+ Mz 2 2+ M1 1 1 + (h:c)

NI =

AYHQd+ (h:ic) + ::
With the avourandgauginanasauniversalily assumptionthe
number of freephaseseducedo 2,f ; AQ.



Anatom y of SUSY EDMSs |

All one-lop and mostimportart (tan -enhancedwo-loop di-
agramshave beencomputed.

de _ & §58, .. -
ee_ 125|nA+%24+2 sin  tan ;
bq _ 2—g‘%(sin tan ] * sin o)+ O(gz01); (1
= 5 A 0, 01); (1)
€ a
2
dg _ 519§(sin tan 1 * sin a)+ O(g5; 99):
q

The notation [tan ] ! impliesthat one usesthe plus(mirus)
signfor d(u) quarks,g; arethe gaugecouplingsande, = 2e=3,
eqg = e=3. All thesecortributionsto d; areproportionalto ;,
m, ‘é 1TeV ;2_
1MeV MSUSY .

m;

= = 1:3 10 ®cm
16 2M&sy




Combining constrain ts together |

In the modelwhereat the weakscaleall superpartnershave one

andthe samemassM sysy, both CP-add phase®fthe MSSM
aretightly constrained

The conbination of the three most sensitie EDM constraiis,
dn, dr and dyg, for Msysy = 500GeV,andtan = 3. The

regionalloved by EDM constraims is at the intersectionof all
threebandsaround o = = 0.



"SUSY CP Problem" |

"Overpraduction” of EDMsin SUSYmaodelsimply that

. " 1TeV.?
sin( cp) %I\/I K

< 1
SUSY

and beendubbedthe SUSYCP problem.

Possiblesolutions:

1. No SUSY around the weak scale.

2.Phasesare small. Modelsof SUSY breakingare arranged
In suh away that cp' O.

3. Superpartner massesare very heavy - in a multi-TeV
range.

4. Accidertal cancellations.Unlikely in all threeobserables.



Turning numerical with CI\/ISSM'

CMSSM(or mSUGRA)= constrainedcompassionateini-
mal supersymmetricstandardmaodel.

108parameters! (tan ; Mg, Mi=; jAg; A ):

Bendamrkpoint B: tan =10, m- = 250GeV,mg = 65GeV
Bendimarkpoirt L: tan =50, m;-, = 450GeV,mg = 310GeV.

;0.01 I Cl) I 0.01 _ —6.005 0 0.005
ay{P d.{P

Electron(or TI) EDM is moreconstrainingoecause
mgquark' m(% + (2:5m1=2)2’

mgelectronl m% + (0:4m1=2)2’

and usually sleptonsare seeral times lighter than squarks.
Phaseof issigni cartly moreconstrained.

Maxim Pospelov, SUSY 2006



Scan of mpand mi»in 1 TeV 1 TeVI

Cortoursof ratiosd,5d®™® "™,

tanb =10, g,,= 0.05Aq = 300 GeV tanb =10, ga = 0.05A, = 300 GeV
"‘:‘_'""'-._'"‘\\"" 80;“'u'|'u-|-|-|-|-|-

1 -
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my; (GeV) My, (GeV)

Cortoursofd; in extendeglots(not shavn) in somecaseglarge
tan ,large remain> 1 beyond10TeV.

Maxim Pospelov, SUSY 2006



Favorite spots in the parameter space|

First and Secondyeneratiorsquarksare decoupled Two-loop
diagramsanvolving stopsand shottomsare operative (weinberg; sarr,
Zee; Dai et al.; Chang, Keung, Pilafisis..) ENhancemenby tan

All squarksand extra Higgsesre decoupledsplit-susy) Two-
loop diagramswith charginoare operative (chang, chang, keung; Giudice,
romanino..). ClOSEtO curren experimenal bound.

All superpartnersaaredecoupledSSM! 2HDM. A; H Higgs
extangebecomesmportarnt sourceof CP violation,andgrows

as tan3 (Barr; Pospelov and Lebedev; Babu and Kolda...)

Interplay of avour and CP physicsin the soft-breaking.New
avour structuresdueto i.e. Yukawa Uni cation, RH neutri-
nos, Left-Right symmetry etc. leave an imprint on the squark
andsleptonmasamatricesvia RG ewlution, whid feedbadk to
EDMsand FCNCsat the superpartnerthreshold.



Dimension 5 operators Iin superp otential |

MSSMis an e ective theory Evenif the soft-breakingsector
tuned/constructedo have no CP-violation,higher-dimensional
e ective operatorscangeneraté&DMs. Someoftheseoperators,
QQOQL; DDUE; LH ,LH,, have beenstudiedextensiely in
connectiorwith protondecg and neutrinomasses.

Extra dim=5 operatorscapableof inducingEDMs

Yh Y ®

W = Wyssy+ —HgHHgHy+ —(UQ)EL
h de

Y @

oq

(UQ)(DQ) + Yj:thQ)(DtAQ)

Decouplingoropertiesof the obserables:  vew=Msoft (5))-



Dim 5 of MSSM | Dim 6 of SI\/II

' g
& - -
e ‘\ e ~\\
\ / \
\ 1 \
1
I/
7/
7/
7
-

;

®

®

®

ge
sImMYq111

Lcp = [(uu)ei se+ (ui su)ed

6 gelMsusy

Assumptionof ImY  O(1) gives

®>3 10 GeV from TI EDM
®> 15 10 GeV  fromHgEDM
“> 3 10 GeV from Hg EDM



Sensitivit y to New Threshold |

operator |sensitiviyto (GeV) source
Y3511 10 naturalnes®f me
Im(Y331) 10+ naturalnes®f , d,
Im(Y, % 10 10 TI, Hg EDMs
Y11z Yiio1 10 1¢ | e corversion
Im(Y %) 10 16 Hg EDM
Im(yp) 16 1C de from TI EDM

In termsofsensitiviy to (5, EDMsarethe third mostsensitie
obserable,after protondecy and neutrinomasses



"E ectiv e" EW Bary ogenesis|

Suppsethat the SM degree®f freedomare the only degrees
of freedomwith m  100GeV, and other particlesare heavy,
> 500GeV.

y O®) . 0
" :

Leeciive= Lsm + 5 —,
CP even |\/|2 CP odd|\/|02

Canone" x" the problemsof the SM EWB this way? Are
"model-indegndeti' predictiondor g and EDMspossible?

Yes. Senant, Wells;Bedeler et al. 2004
1
V()= m¥HYH)+ (HYH)?+ W(HVH)3

canmake strongenoughrst orderphasdransitionfor 300GeV
< M < 800GeV.

CP violationcomedrom
1
Lcp = yiQtrH + WytoQtRH (H'H);

wheny andy®have relative complexphase.Only the top oper-
ator is importart for g. Imyx=M 2 (M9 2

s, Would scaleas y;vg,,=(M 92



Natural level of EDMs predicted by BI

s(M®M;m;) vSEDM s(M % myp)

CorrelatedCP-exenand CP-add thresholdsM = M ©
A: The phasas only in the top-Higgssector.

SO T T T T T T T T[T T T T[T T T T[T T T T[T TT]
110 120 130 140 150 160 170
m_h

Figure 1. Contours of g andthe EDMs overthe vsm; plane, with correlatedthresholds, cp = .

On the left, we retain only a single CP-odd phasein the top-Higgs vertex, while on the right the full
setimposedby assumingthe Standard Model a vor structure is allowed, which allows the d, bound to
be wealened.



CorrelatedCP-eenand CP-add thresholdsM = M ©
B: Thereis a universalphasean the up-Higgssector
(Huber, Posgeloy, Ritz, in preparation)
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Conclusions |

Electro weak scale SUSY can create EDMs at one
loop level, well above the current experimen tal
EDM sensitivit y

New generation of experiments will be able to
cover even those corners of parameter space
where one-lo op sources are suppressed

EDM prob e the scale of new physics in the su-
perpotential up to scales of 10 GeV

Electro weak bary ogenesis scenario (SUSY or not)
stil has some breathing space, which might be
tak en away by coming experimental results



