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An analysis of the electric dipole mometEDM) of the neutron and of the lepton in the minimal super-
symmetric standard modéMSSM) with the most general allowed set G6fP violating phases without gen-
erational mixing is given. The analysis includes the contributions from the gluino, the chargino and the
neutralino exchanges to the electric dipole operator, the chromoelectric dipole operator, @i tfedating
purely gluonic dimension six operator. It is found that the EDMs depend only on certain combinations of the
CP phases. The independent set of such phases is classified. The analysis of the EDMs given here provides the
framework for the exploration of the effects of largdP violating phases on low-energy phenomena such as
the search for supersymmetry at colliders, and in the analyses of dark matter consistent with the experimental
limits on EDMs via the mechanism of internal cancellatidi0556-282198)50621-2

PACS numbe(s): 13.40.Em, 11.30.Er, 12.60.Jv

It is well known that supersymmetri€CSUSY) theories the minimal supergravity cannot be investigated because the
contain many new sources GfP violation and can produce analytic computations of the EDMs in terms of these phases
large contributions to the electric dipole mometE®Ms) of  do not exist in the literature and consequently, the EDM
the neutron and of the electrh—5]. With normal sizeC P constraints arising from experiment cannot be implemented.
violating phases, i.e., phase$l) and with the SUSY spec- The purpose of this Rapid Communication is to provide the
trum in the TeV range, the neutron and the electron EDMdanalytic results for the EDMs beyond the minimal supergrav-

already lie in excess of the current experimental limit, whichity model by inclusion of allCP violating phases in the
for the neutron i§6] d,<1.1x 1025 e cm and for the elec- framework of MSSM. As is conventional, we ignore genera-

tron is[7] d,<4.3x 10 2’ e cm. Two approaches have usu- tional mixings whose_effects are known to be small. Wwe
analyze all one loop diagrams with the gluino, the chargino,

?rlllg gﬁzgeasdgrpr;[:\ﬁ t?;ecgfég]I?E“Zﬁf?ﬁ;ﬁ;ﬁﬁfg S;aekeand the neutralino exchanges for the electric dipole, and the

mass suppression by making the SUSY spectrum heavy. | echromoelectric dipole operators allowing for all phases. We
: PP y g the P Y 184150 analyze the two loop diagrams which contribute to the
in the several TeV ranglgt]. The first case, however, repre-

! . . . rely gluonic dimension six operator allowing again for all
sents fine tuning, while the second violates naturalness a P violating phases

also makes the SUSY spectrum so heavy that it may not be |, MssM theC P violating phases relevant for the analy-
accessible even at the CERN Large Hadron Collii$C).  gjs of the EDMs arise from the soft SUSY breaking sector of

Recently, a third possibility was proposé8l], i.e., that of he theory. We display this sector bel¢d2]:
internal cancellations in EDMs reducing them below the ex-

perimental limits even fo€ P violating phases Q). Vgg=m3|H; |2+ m3|H,|2—[Bue;HHL+H.c]
In recent works the importance 6fP violating phases on ) o ) S

low-energy phenomena has been recognig@d0,11. In +M5[U’ETJL+d’L‘dL]+ MEURUR+MGdRdR

Ref. [10] it is shown that largeCP violating phases can

affect sparticle searches at colliders and in Réd], it is + M%["ﬁ;'f)e+'ét'éL]+ M3E~é>|§~éR

found that largeCP violating phases can produce large ef-
fects on the neutralino relic density consistent with the ex-

perimental constraints on the neutron and on the electron + ﬂe(m;eAe iTig* dAdHlﬁia*
EDM via the cancellation mechanisf8]. However, as one v2myy Ulcosp T ERcosg TR
goes beyond the framework of minimal supergravity to in-

clude nonuniversalities in the soft SUSY breaking param- _ mUAUHi~jfU*+H c)

eters, one finds that ne@P violating phases arise which sin B 24 UR T HLC

also affect low-energy phenomena. Currently, the effect of

CP violating phases beyond the twidP phases allowed b 1 ) - . -
gp y P y + S[Mage 7565+ M\Wee 7séalie

*Permanent address. +fhyBe 1 7541B]+ AVgp, (U]
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where {, §,) are the S(R) (slepton, squatkdoublets, The gluino sector contains.a phasgin thg glulino mass
tan 8=|(H,)/(H,)| whereH, gives mass to the up quark and term. We make a transformation on the gluino field to move
H, gives mass to the down quark and the leptbWggis the  this phase from the mass term to the quark-squark-gluino
one loop contribution to the effective potential, and we have’ertex which is then given bj12]

suppressed the generation indices. In the abayeA,, A.,

p and B are all complex. Additionally, after spontaneous

breaking of the electroweak symmetry, the vacuum expecta- —cq_a_az\fzgs'r?k ( _e*i§3/25ii 177 gaqikR
tion values of the Higgs fields are in general complex. Some i=ud 2

of the phases in Eq1) can be eliminated by field redefini- 1ty

tions. However, the choice of which ones to eliminate is +ei€3/2_ii S“Qa"qﬁ_ +H.c. ®)
arbitrary. Rather, in our analysis we carry all the phases to 2

the end and our final expressions contain only certain spe-
cific combinations.

One defines the EDM of a spipparticle by the effective
Lagrangian

Herej,k=1-3 are the quark and the squark color indices,
a=1-8 are the gluino color indices, afig are the SU(3}
generators. The scalar fieldg andGg are in general linear
combinations of the mass eigenstafegi=1,2) so that

R
L= = 5 Ao, ysyF . @
: . i G =Dgq1101+Dg1fz, Gr=Dg2iG1+ Doz,  (4)
In the following we will compute the contributions of the LTttt Faizizy ART a2 T a2z
gluino, the chargino and the neutralino exchanges in the
minimal supersymmetric standard mod8MSSM) keeping whereD; are the matrices that diagonalize the squark ma-

all CP violating phases. trix such thatDjMZD,=diagM, ,Mz,), where
|
2 .
, [ M5+ m;+MZ(5 —Qqsinffy,)cos B Mg(A§ My— uRy) .
M= . 5
d Mg(AqMo— 1* Ry) M%Jr m;+MZQqsir? fycos B
|
Here Q,=2/3(—1/3) for q=u(d), Rqy=v4/v5 (v, /vY) for mq .
g=u(d), and one parametrizéB, so that Im(I'gh = m[mo|Aq|Slr\(aq—§3)
ql q2
0 0 +|:“~|Sin(0,u+Xl+X2+§3)|Rq|]y (8)
| —gin Jea-id
cos sin—e % _ _ ) )
o - 2 2 © which holds for both signs oMg, —M3,, and the phases
L i 04 ’ xi (i=1,2) are defined so that=(H;)=|v;|e'Xi (i=1,2).
sin—"e bq cos— From Eg.(8) we see that the combinations of phases that

enter are &q—&3) andéz+6,,+ x1+ x», or alternately one
_ can choose them to beq+60,+ x1+x, and é3+6,+ x1
whereMZ,,=|MZ,,|e"%a and we choose the range 6§ so  + xz.
that — m/2< §,<m/2 where tarf,=2| M§21|/(M§11— M%zz)- To discuss the contribution of the chargino exchanges, we

In terms of the mass eigenstat@sandd,, the gluino con- Pegin by exhibiting the chargino mass matrix
tribution to the EDM of the quark is given by

|m,|e'¢2 v2mysin e X2 o
) €7 vZmycos Be 11 || € On - O
dE _ —2as Im(T L 1 Bl 9
a—gluind €= - 37 mgQgIm(I'g") M2 M2 It is useful to define the transformatidyl .=BrM éB[ S{o)
at at that
. B( mg) U L Vamysin B
S 1 " m mySin
M& | Mg, M’:( i (O xs >>’ (10
v2mycos B |u|e'\fut st itz

where I't¥=e 16D, D¥,, , as=g3/4m, my is the gluino  where Br=diagE@%,e 1) and B, =diag(1e'*2*¢)). The
mass, andB(r)=[2(r—1)?] {1+r+2r Inr(1-r)"%]. An  matrix M¢ can be diagonalized by the biunitary transforma-
explicit analysis gived' ;"= —I';* where tion ULM cU, =diagfh,+,M,:). It is clear that the matrix
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elements ofJ, andUg are functions only of the combina- Fuu(z):|Ku|(00520d/2)[Uin £l
tion 6=6,+&+x1+x,. We also have U*McV_ 1

= diagf,,f,;) where U= (BrUR)", and V=(B, UL)T
Using the fermlon sfermion-chargino interaction, we find
that the chargino contribution to the EDM for the up quark is
as follows:

—(+)5 |KuKd|(5'n 0a)[ U 2iUkyJe'e2 %l (14)

The terms between the brackétkin Eq. (14) are functions
of # and from the definition o®y [as given in the text fol-
lowing Eqg.(6)] the terms between the brackétsin Eq. (14)
dE,Cha,nge are functions of the combinatiomy+ 6,,+ x1+ x,. By tak-
ing the imaginary part oF and using the definition oy [as

— agy mif given in the text following Eq(6)] one can show that&
e 2 2 Im(FUIk) —7 QiB| — —¢q) depends on the combinationsiyt ay), (é,+6,
4m SIN b (=1 =1 M3, M3, + X1+ x2) and (aq+ 6,+ x1+ x2). S0 we are left only with

) the two combinatic_)nsC_szr 0, X1+ X2 ahd E2+0,+x1
mxﬁ) + x» With &€;— a4 being just a linear combination of the first
+(Qu— QDA —= | |, (11 two. Similar analyses hold for the chargino contributions to
K the down quark and one gets only two phase combinations
which are identical to the case above witf replaced by

whereA(r)=2(1-r)"43—r+2 Inr(1-r)" and a,. For the case of the charged lepton, we find
* * * * * EM m2+
I uik= kuVi2D a1k(Ui1 Dy — kaU D gak) (12 de chargind €= m E m +Im(Fe,)A m;e )
and (15)
whereT ¢;= (kU 5V) = | kel UgoiU L1 - A direct inspection
mue—in md,ee‘i’(l of I'g; shows that it depends on only one combination, i.e.,

In order to discuss the neutralino exchange contributions,
we first exhibit the neutralino mass matik o with the most

=——————, Kge=—— .
v2mysin B de v2my,cos B

Substitution of the form ofJ andV matrices, gives general allowed set dE P violating phases
|y |e'é 0 —M,sin 6ycosBe X1 M,sin 6ysin Be~ X2
0 || e'é2 M,Cos fy,cosBe X1 —M,cos Bysin Be X2
. , - . 16
—M,sin ycosBe X1 M,cos ,cos Be X2 0 — || (16
M,sin 6ysin Be X1 —M,cos ysin e~ X2 —|u|€"n 0
Next we make the transformatidvl o= P;oM)’(OP 0 Where
P o= diag( gi(é1/2) gl(E2/2) g=i(&1/2+x1) =i(E2/24x2)y, (17)
After the transformation, the matriM )’(o takes the form
|, | 0 —M,sin ycosB  M,sin 6ysin Be (A&2
0 |, M, cos 6y cos Be (A2 —M,cos 6ysin B
—M,sin 6y,cos B M ,cos 6,,cos Be' (A2 0 —|ule’? ’ (18

i((A&I2)

M,sin 6ysin Be~ —M,cos fysin B —|ule’? 0

where 6’ =(&,+ 52)/2+0 +x1t+x2, and Aé=(&1—&)). Hermitian and symmetric matri¥1 0 can be diagonalized
Now the matrixM’ o can be diagonalized by the transforma- using a unitary matrix X= PTOY such that X™™ 40X
tion Y'M' 0Y= d|ag(rh 0 Jyy 0 M, 9 ,m g) It is clear that the =diagf, 0 My 0 My 0 M g) We can now write down the neu-

transformat|on matrix Y |s a function only af' andA¢é/2. tralino exchange contribution to the fermion EDM as fol-
Combining our results, we find that the complex non-lows:

111301-3



TAREK IBRAHIM AND PRAN NATH

E
df—neutralinc/e

aeM
" 47 sirfOy

EZ

k=1i=

Fh o
m(75ix) —2 Q7iB| —=

where

7= (8oX1i D1+ boXoi D+ k¢ XpiDak)

X (CoX1iDtak— ktXpiD 1), (20
where b=3(4) for Tz=—3(3), ap=—v2 tan Q)
—Ts), bg=—v2T3;, andcy=v2 tan 6,Q;. We discuss now
the phases that appear in the various terms;jp. The term
proportional to agc, contains the factorXZ,Df; Doy -

It is easily seen that this term
+(—)agCos Y1i(0,A2)sinbe €1 %) where the +(—)

sign is fork=1(2). By doing the same analysis as for the
case of the chargino contribution, we find that the combina-

tions that arise here a#, A¢&/2 anda;— &; from which we
can construct the three combinatiods+ 6,+ x1+ x2, &
+0,+x1tx2 anda;+ 6,4+ x1+ x2. A similar analysis for

the remaining terms of Eq20) gives exactly the same re-

equals
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precisely the same factors that appear in the gluino, the
chargino, and the neutralino contributions to the electric di-
pole operator.

Finally, we look at theCP phases that enter in theP
violating purely gluonic dimension six operator. The gluonic
dipole momentd® is defined via the effective dimension six
operator

wheref

tally antisymmetric tensor witle®??*= +1, andG

£|:

aBy

lde G,.,G%,G urko 26
_6 aBySaup S pr S yna€ ’ ( )

are the Gell-Mann coefficientg*"\? is the to-
is the

apv

gluon field strength. Carrying out the analysis including all
phases, we get

gs |°
d®=—-3a (—) [my(Z—Z25)IM(T ) H(Z,Z,,2,)
5477m§ t\<1 2 t 11424t

where

1k _ o—
Fq =e

sult. The sum of the gluino, the chargino, and the neutralino

exchanges discussed above gives the total contribution from

the electric dipole operator to the quark EDM.

The chromoelectric dipole momend€ of the quarks is
defined via the effective dimension five operator:

Ly (21)

i~
— 5 dGo,, 75T G2,

Contributions tod® of the quarks from the gluino, the

chargino, and from the neutralino exchange are given by

gsa mg [ me
da-guino=" SZS Im(I'g) Mz C ), (22
qk
~2
2 2 m.+ m_+
_g °0s Xi X;
dq chargino Z Z Im(rqn() _Q_B W ’
T qk gk
(23)
and
_ ~2
' s Mo (M
dq neutralino 1677 Z Zl |m(77qik)M_§kB M’gk )
(24)

whereB(r) is defined following Eq(7) andC(r) is given by

2rinr

1 18Inr
C(r):m 10r — 26+ 1 -

—r 1-r

| s

We note that all of the&C P violating phases are contained phases which can be chosen to §e- 6, (i=

+my(Z3—2)IM(TPHH(Z;,23,2,)], 27)
. zal? m,\ 2
I§3Dq2kD;1k! Zg:( n%) v 29T FZ

(28)

Nis easily seen that the combination of phases invohjag
are similar to the gluino exchange terms discussed earlier.
Similar expressions can arise if the quarks in the loop were
from the other two generations and one gets the combina-
tions ag+ 6,+ x1+ X2, &3t 0, X1+ X2

The contribution to the neutron EDM using the nonrela-

tivistic SU(6) formula is given byd,=3(4dy—

d,). The

above analysis holds at the electroweak scale. To obtain the
value at the hadronic scale, one uses renormalization group
to evolve it down to that scale. ThutE= 7%d, whered®

is the value at the hadronic scale anflis the QCD correc-
tion factor. The contributions of the chromoelectric dipole
operator, and of the purely gluonic dimension six operator
to the quark EDMs are obtained by use of the naive

dimensional analysifl3], so thatd$ = (e/4w)dS ¢

andd®

=(eM/4m)d®7®, whered$ andd® are the contributions at
the electroweak scaley® and »© are the QCD correction
factors andM=1.19 GeV is the chiral symmetry breaking

scale.

The main results of the paper are given by E@$, (11),
(15), and(19) for the contribution to the EDMs by the elec-
tric dipole operator, by Eq$22)—(24) for the contribution to
the EDMs by the chromoelectric dipole operator and by Eg.
(27) for the contribution to the EDM by the purely gluonic
dim 6 operator. These formulas give the contributions to the
EDMs with the most general set 6fP violating phases with
no generational mixings. The phases that enter in the quark
and in the lepton EDM’s are summarized in Table I. As seen
from Table I, the electric dipole and the chromoelectric di-
pole contributions to the neutron EDMs depend on five

1,2,3), and

in the factors Imrék), Im(Tgi), and in Im@qy). But these are  ay+ 6, (k=u,d) where 6,=6,+ x1+ x,. The purely glu-
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TABLE I. CP violating phases iy andd, in MSSM. For the case of minimal supergravity, all evolve from
the phasaxy of Ay whereA, is the common value of; at

Exchange  u quark d quark Charged leptons  the grand unified theor§GUT) scale. Similarly, alk; evolve
3 ay+ 6, ag+ 6 from the phasé, of the universal gaugino mass,, at the
Eat 6, Eat 6, GUT scale. In this case the ten phase combinations that ap-
x* ag+ 0, ay+ 0, pear ind,, and d. collapse to just two independent ones:
&t 6, &t 6, &t 6 apt 6, and &1+ 6,. Often one setg,,,=0, x1=0= x>
¥° ay+ 0, ag+ 0, a+ 6, and chooses the independent phases in minimal supergravity
&+ 0, &40, &+0, to beag and g, . In that limit the results of this Rapid Com-
&t 0, Eot 0, £t 0, munication limit to the results of Ref8].
dim 6 a+ 0, a+ 0, The analysis presented here is the first complete analysis
k=u,d,c,stb k=u,d.c,stb of the neutron and of the lepton EDMs with all allow&d

phases in MSSM under the restriction of no generational
mixings. In Ref.[8] consistency with largeCP violating

onic dimension six operator contribution to the quarks delPhases was achieved by internal cancellations to satisfy the
pends on four additional phases;+ 6, (k=t,b,c,s), and experimental EMD _cons_tralnts with just twOP phases. In
thus the neutron EDM depends on nine independent phasdfle present analysis, since the electron EDM depends on
The electron EDM depends on just three independent phaseiétree independent phases and the neutron EDM depends on
&+ 6, (i=1,2), andae+ 6;. Thus the neutron and the elec- nine independent phases, the satisfaction of the experimental
tron EDM together depend on ten independent phases. If weDM constraints with largeCP violating phases can be
include the muon and the tau EDMs, then the neutron anéchieved over a much large region. The analysis provides the
the lepton EDMs altogether depend on twelve phases, i.effamework for the investigation of the effects of largd
&+6, (i=1,2,3), ap+ 6, (k=u,d,t,b,c,s;e,u,7). If we  violating phases on low-energy physics.

retain only the dominant top-stop contribution to the purely

gluonic dimension six operator, then the total number of This research was supported in part by NSF Grant No.

phases reduces from 12 to 9. PHY-96020274.
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