
EDMs in Supersymmetric Mo dels

Maxim Pospelov

Perimeter Institute/Univ ersity of Victoria

for a recent review, see M. Pospelov and A. Ritz, Annals of Physics
2005



Plan

1. Introduction. Current andfuture EDM measurements.

2. EDMsdueto CP violationin the soft-breakingsector.

3. EDMsdueto CP violationin the superpotential.

4. Baryon Asymmetryof the UniverseandEDMs.

5. Conclusions.

Maxim Pospelov, SUSY 2006



Wh y bother with EDMs?

Is the accuracysu�cient to probe TeV scaleandbeyond?

Typicalenergyresoultionin modernEDM experiments

�Energy � 10� 6Hz � 10� 21eV

translatesto limits on EDMs

jdj <
�Energy

Electric�eld
� 10� 25e� cm

Comparingwith theoreticallyinferredscaling,

d � 10� 2 �
1 MeV
� 2

CP
;

we getsensitivit y to

� CP � 1 TeV

Comparable with the LHC reach!
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Electric Dip ole Momen ts

Purcelland Ramsey(1949)(\ How do we know that strongin-
teractionsconserve parity?" � ! jdnj < 3 � 10� 18ecm.)

H = � � B �
S
S

� dE �
S
S

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

CPT is basedon locality, Lorentz invarianceandspin-statistics
= very safeassumption.

search for EDM = search for CP violation, if CPT holds

Relativisticgeneralization

HT;P� odd = � dE �
S
S

! L CP� odd = � d
i
2
 � �� 
 5 F�� ;

correspondsto dimension�v ee�ectiveoperatorandnaivelysug-
gests1=M new physics scaling. Due to SU(2) � U(1) invariance,
however, it scalesasmf =M 2.

Maxim Pospelov, SUSY 2006



Curren t Exp erimen tal Limits

"paramagneticEDM", Berkeleyexperiment

jdTl j < 9 � 10� 25ecm

"diamagneticEDM", U of Washingtonexperiment

jdHgj < 2 � 10� 28ecm

neutronEDM, ILL-basedexperiment

jdnj < 3 � 10� 26ecm

Despitewidely di�erent numebrs,the interplay of atomic and
nuclearphysicsleadsto the approximately the samelevel of
sensitivity to constitutents, dq � O(10� 26)ecm.

(In addition, there are valuablebut lesssensitive resultsfrom
Michigan(Xe), Leningrad(n), AmherstCollege(Cs), ...)
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Expansion of exp erimen tal EDM program

ParamagneticEDMs(electronEDM):
PbO, Yale;de � 10� 30ecm
YbF, IC UL; de � 10� 29ecm
SolidStateexperiments, LANL, de � 10� 31ecm
Rb andCsin optical lattices....

DiamagneticEDMs:
Hg, U of Washington;dHg � 10� 29ecm
Rn, TRIUMF et al., dRn � 10� 27ecm
Ra, Argonne,dRa � 10� 27ecm
Liquid Xe idea,Princeton...

nuclearEDMs:
neutron, ILL-basedandPSI-based;dn � 10� 27ecm
neutron, LANL-OakRidge;dn � 10� 28ecm
NewBNL project with D in storagering, dD � 10� 28ecm.

MuonEDM down to 10� 24ecm.
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CP violation via in CKM matrix

Therearetwo possiblesourcesof CP violationat a renormaliz-
ablelevel: � K M and� QCD .

� K M is theformofCPviolationthat appearsonlyin thecharged
current interactionsof quarks.

L cc =
gp
2

� �ULW= + VDL + (H.c.)
�

:

CP violation is closelyrelatedto 
avour changinginteractions.
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:

CKM modelof CP violationis independenlycheckedusingnu-
tral K andB systems.No other sourcesof CP are neededto
describe observables!

CP violationdisappearif any pair of the samechargequarksis
degenerateor somemxinganglesvanish.

JCP = Im(VtbV �
tdVcdV �

cb)�

(y2
t � y2

c)(y2
t � y2

u)(y2
c � y2

u)(y2
b � y2

s)(y2
b � y2

d)(y2
s � y2

d)

< 10� 15
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Wh y EDMs are imp ortan t

g

W W

d d

gluon

t cb

CKM phasegeneratestiny EDMs:

dd � Im(VtbV �
tdVcdV �

cb)� smdG2
F m2

c � loop suppression

< 10� 33ecm

EDMs do not have � K M -inducedbackground. On a 
ip-side,
� CK M cannotsourcebaryogenesis.

EDMstest

1. Extra amount of CP violation in many modelsbeyondSM

2. Sometheoriesof baryogenesis

3. Mostly scalar-fermioninteractionsin the theory

4. EDMs are oneof the very few low-energyprobesthat are
sensitive to energyscaleof newphysicsbeyond1 TeV
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From SUSY to an atomic/n uclear EDM

Energy

TeV

atomic

nuclear

QCD

neutron EDM

paramagnetic
    EDMs of

   atoms (Tl)

   EDMs of
diamagnetic
 atoms (Hg)

fundamental CP-odd phases
              (MSSM)

d e q ,d  , d  , wq q
C   ,C qe qq

NNpg 

btan        1

Hadronicscale,1 GeV,is the normalizationpoint wherepertur-
bative calculationsstop.
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E�ectiv e CP-o dd Lagrangian at 1 GeV

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

L 1GeV
ef f =

g2
s

32� 2 � QCDGa
��

gG�� ;a

�
i
2

X

i= e;u;d;s
di  i (F � )
 5 i �

i
2

X

i= u;d;s

fdi  igs(G� )
 5 i

+
1
3
w f abcGa

��
gG� � ;bG �;c

� +
X

i;j = e;d;s;b
Cij ( � i  i )( � j i
 5 j ) + � � �

If the model of newphysicsis speci�ed, for example,a speci�c
paparameterspacepoint in theSUSYmodel,Wilsoncoe�cients
di ; ~di , etc. canbe calculated.

To getbeyondsimpleestimates,oneneedsdn; atom asa function
of � ; di ; ~di ; w; Cij , which requiresnon-perturbative calculations.
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Strong CP problem

Energyof QCD vacuumdependson � -angle:

E( �� ) = �
1
2

�� 2m� hqqi + O( �� 4; m2
� )

wherehqqi is the quark vacuumcondensateand m� is the re-
ducedquarkmass,m� = mumd

mu+ md
: In CP-odd channel,

dn � e
�� m�

� 2
had

� �� � (6 � 10� 17) ecm

StrongCP problem= naturalnessproblem= Why j �� j < 10� 9

whenit couldhave been �� � O(1)? �� cankeep"memory" of
CP violationat Planck scaleandbeyond. Suggestedsolutions

� Minimal solutionmu = 0  apparently can be ruled out
by the chiral theory analysisof other hadronic(CP-even)
observables.

� �� = 0by construction,requiringeitherexactP or CPat high
energies+ their spontaneousbreaking.Tightly constrained
scenario.

� Axion, �� � a(x)=fa, relaxesto E = 0, eliminatingtheta
term. a(x) is a very light �eld. Not foundsofar.
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Does SUSY add anything conceptuallynew to the story of
StrongCP problem?

Models that have �� = 0 built-in by construction(exact par-
ity and/or exactCP, spontanepouslybroken at the scale� CP)
aresensitive to radiative correctionsto �� . Therearemorepos-
sibilitiesfor creatinga substantially non-zero�� r ad through the
soft-breakingphases.Yet in the modelswheres.b. phasesare
nil, and � SUSY breaking � � CP , correctionsto �� aresuppressed
dueto non-renormalizationtheorems.
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Synopsis of EDM form ulae

Thallium EDM:
The Schi� (EDM screening)theoremis violatedby relativistic
(magnetic)e�ects. Atomic physicsto 10� 20%accuracygives

dTl = � 585de � e 43GeVC(0)
S

whereCS is the coe�cient in front of �N N i �e
 5e. Parametric
growth of atomicEDM is de � � 2Z 3 logZ .

neutronEDM:
� 50-100%levelaccuracyQCDsumruleevaluationofdn isavail-
able. Io�e-like approach gives

dn = �
em�

��
2� 2f 2

�
; dn =

4
3
dd �

1
3
du � e

0

B
B
@

mn

2� f �

1

C
C
A

2 0

B
@
2
3

~dd +
1
3

~du

1

C
A

(Reproducesnaive quark model and comescloseto chiral-log
estimates)

MercuryEDM: Screeningtheoremis avoidedby the �nite size
of the nucleus

dHg = dHg

 

S(�g� N N [ ~di ; Cq1q2]); CS[Cqe]; CP [Ceq]; de

!

:

For mostmodels�g� N N is the mostimportant source.Theresult
is dominatedby ~du � ~dd but the uncertainty is large:

dHg = 7 � 10� 3 e( ~du � ~dd) + :::
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Betteraccuracyfor diamagneticEDMscanonlybeachievedvia
a moreprecisevaluefor

h0j �qqj0ihN j �q(G� )qjN i � hN j �qqjN ih0j �q(G� )qj0i
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CP violation from the soft-breaking

GenericMSSMcontainsmany soft-breakingparameters,includ-
ing O(40) (?) complexphases.

L = � � �~Hd ~Hu + B� HdHu + (h:c:)

�
1
2

�

M3
�� 3� 3 + M2

�� 2� 2 + M1
�� 1� 1

�

+ (h:c:)

� AdHd
~Q ~d + (h:c:) + :::

With the 
avourandgauginomassuniversality assumption,the
number of freephasesreducesto 2, f � � ; � Ag.

Maxim Pospelov, SUSY 2006



Anatom y of SUSY EDMs

All one-loop andmostimportant (tan � -enhanced)two-loop di-
agramshave beencomputed.

d ~gd ~g




~dR
~dR

d d

~dL
~dL

de

e� e
=

g2
1

12
sin� A +

0

B
B
@

5g2
2

24
+

g2
1

24

1

C
C
A sin� � tan� ;

dq

eq� q
=

2g2
3

9
( sin� � [tan� ]� 1 � sin� A) + O(g2

2; g2
1); (1)

~dq

� q
=

5g2
3

18
( sin� � [tan� ]� 1 � sin� A) + O(g2

2; g2
1):

The notation [tan� ]� 1 implies that one usesthe plus(minus)
signfor d(u) quarks,gi arethe gaugecouplings,andeu = 2e=3,
ed = � e=3. All thesecontributions to di areproportional to � i ,

� i =
mi

16� 2M 2
SUSY

= 1:3 � 10� 25cm�
mi

1MeV

0

B
@

1TeV
MSUSY

1

C
A

2

:
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Com bining constrain ts together

In the modelwhereat the weakscaleall superpartnershaveone
and the samemass,M SUSY, both CP-odd phasesof the MSSM
aretightly constrained

qm
p

qA
p

Hg

nTl

The combination of the threemostsensitive EDM constraints,
dn, dTl and dHg, for MSUSY = 500GeV, and tan� = 3. The
regionallowed by EDM constraints is at the intersectionof all
threebandsaround� A = � � = 0.
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"SUSY CP Problem"

"Overproduction" of EDMsin SUSYmodelsimply that

sin(� CP) �
0

B
@

1 TeV
MSUSY

1

C
A

2

< 1;

andbeendubbedthe SUSYCP problem.

Possiblesolutions:

1. No SUSY around the weak scale.

2. Phasesare small. Modelsof SUSYbreakingarearranged
in such a way that � CP ' 0.

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

4. Accidental cancellations.Unlikely in all threeobservables.
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Turning numerical with CMSSM

CMSSM(or mSUGRA)= constrained(compassionate?)mini-
mal supersymmetricstandardmodel.

108parameters� ! (tan � ; m0; m1=2; jA0j; � A; � � ):

Benchamrkpoint B: tan� =10, m1=2 = 250GeV,m0 = 65GeV
Benchmarkpoint L: tan� =50, m1=2 = 450GeV,m0 = 310GeV.
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Electron(or Tl) EDM is moreconstrainingbecause
m2

squark ' m2
0 + (2:5m1=2)2,

m2
selectron ' m2

0 + (0:4m1=2)2,
and usually sleptonsare several times lighter than squarks.
Phaseof � is signi�cantly moreconstrained.
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Scan of m0 and m1=2 in 1 TeV � 1 TeV

Contoursof ratiosdi=jdexp limit
i j.
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Contoursofdi in extendedplots(not shown) in somecases(large
tan� , large� � remain> 1 beyond10TeV.
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Favorite spots in the parameter space

First and Secondgenerationsquarksaredecoupled. Two-loop
diagramsinvolvingstopsandsbottomsareoperative (Weinberg; Barr,

Zee;Dai et al.; Chang, Keung, Pilaftsis...) Enhancement by tan�
All squarksandextra Higgsesaredecoupled(split-susy). Two-
loop diagramswith charginoareoperative (Chang, Chang, Keung; Giudice,

Romanino...). Closeto current experimental bound.
All superpartnersaredecoupled,MSSM! 2HDM. A; H Higgs
exchangebecomesimportant sourceof CP violation,andgrows
astan3 � (Barr; Pospelov and Lebedev;Babu and Kolda...)
...
Interplay of 
avour and CP physicsin the soft-breaking.New

avour structuresdue to i.e. Yukawa Uni�cation, RH neutri-
nos,Left-Right symmetry, etc. leave an imprint on the squark
andsleptonmassmatricesvia RG evolution,which feedback to
EDMsandFCNCsat the superpartnerthreshold.
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Dimension 5 operators in superp oten tial

MSSMis an e�ective theory. Even if the soft-breakingsector
tuned/constructedto have no CP-violation,higher-dimensional
e�ectiveoperatorscangenerateEDMs. Someof theseoperators,
QQQL; DDUE; LH uLH u, have beenstudiedextensively in
connectionwith protondecay andneutrinomasses.

Extra dim=5 operatorscapableof inducingEDMs:

W = WMSSM +
yh

� h
HdHuHdHu +

Y qe

� qe
(UQ)EL

Y qq

� qq
(UQ)(DQ) +

~Y qq

� qq
(UtAQ)(DtAQ)

Decouplingpropertiesof the observables:� vEW=(msof t � (5)).
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Dim 5 of MSSM ! Dim 6 of SM
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L CP = �
� sImY qe

1111

6� � qemsusy
[(�uu)�ei
 5e+ (�ui
 5u)�ee]

Assumptionof ImY � O(1) gives

� qe > 3� 108 GeV from Tl EDM

� qe > 1:5 � 108 GeV from Hg EDM

� qq > 3� 107 GeV from Hg EDM
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Sensitivit y to New Threshold

operator sensitivity to � (GeV) source
Y qe

3311 � 107 naturalnessof me

Im(Y qq
3311) � 1017 naturalnessof �� , dn

Im(Y qe
ii 11) 107 � 109 Tl, Hg EDMs

Y qe
1112, Y qe

1121 107 � 108 � ! e conversion
Im(Y qq) 107 � 108 Hg EDM
Im(yh) 103 � 108 de from Tl EDM

In termsofsensitivity to � (5), EDMsarethe third mostsensitive
observable,after protondecay andneutrinomasses
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"E�ectiv e" EW Bary ogenesis

Supposethat the SM degreesof freedomare the only degrees
of freedomwith m � 100GeV, and other particlesareheavy,
> 500GeV.

L e�ectiv e = L SM +
X

CP� even

O(6)

M 2 +
X

CP� odd

O(6)

M 02;

Can one"�x" the problemsof the SM EWB this way? Are
"model-independent" predictionsfor � B andEDMspossible?

Yes.Servant, Wells;B•odeker et al. 2004.

V(� ) = � m2(H yH ) + � (H yH )2 +
1

M 2(H yH )3

canmakestrongenough�rst orderphasetransitionfor 300GeV
< M < 800GeV.

CP violationcomesfrom

L CP = ytQtRH +
1

M 2y0
tQtRH (H yH );

wheny andy0 have relative complexphase.Only the top oper-
ator is important for � B . Imy0

t=M � 2 � (M 0)� 2.

� BL would scaleas ytv3
EW=(M 0)2
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Natural level of EDMs predicted by � B

� B (M 0; M ; mh) vs EDM s(M 0;mh)

CorrelatedCP-evenandCP-odd thresholds,M = M 0

A: The phaseis only in the top-Higgssector.
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Figure 1: Contours of � B and the EDMs over the � vs mh plane, with correlatedthresholds,� CP = �.
On the left, we retain only a singleCP-odd phasein the top-Higgs vertex, while on the right the full
set imposedby assumingthe Standard Model 
a vor structure is allowed, which allows the dn bound to
be weakened.
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CorrelatedCP-evenandCP-odd thresholds,M = M 0

B: Thereis a universalphasein the up-Higgssector
(Huber, Pospelov, Ritz, in preparation)
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Conclusions

� Electro weak scale SUSY can create EDMs at one
loop level, well above the curren t exp erimen tal
EDM sensitivit y

� New generation of exp erimen ts 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-
perp oten tial up to scales of 109 GeV

� Electro weak bary ogenesis scenario (SUSY or not)
still has some breathing space, whic h migh t be
tak en away by coming exp erimen tal results
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