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Electric dipole moment of the muon in a two Higgs doublet model
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The electric dipole moment of the muod,() is evaluated in a two Higgs doublet model with a softly broken
discrete symmetry. The leading contributions from both one-loop and two-loop diagrams are considered. For
tanB=|v,|/|v,| close to one, contributions from two-loop diagrams involving thguark and théV boson
dominate, while for ta=10, contributions from two-loop diagrams involving thequark and ther lepton
are dominant. In these two regior,~(m, /me)d.. For 8=tans=4, significant cancellation occurs among
the contributions from two-loop diagrams and the one-loop contribution dominates f@rn For
tan3=15, the calculatedi,, can be close to the reach of a recently proposed experiment at the Brookhaven
National Laboratory[S0556-282(97)00911-9

PACS numbd(s): 13.40.Em, 11.30.Er, 12.60.Fr, 14.60.Ef

I. INTRODUCTION be introduced and the flavor-changing interaction can be kept
at an acceptably low level as w¢ll3,14].

A non-self-conjugate particle with a nonzero spin can The EDM of an elementary fermion, generated from
have a permanent electric dipole mom&abM) if the com-  Higgs boson exchange, has dominant contributions from
bined transformation of charge conjugatioB)(and parity  one-loop or two-loop diagrams. Intuitively, the one-loop
(P) is not an exact symmetry. In the standard ma&ll) of  contributions are proportional to the product of two Yukawa
electroweak interactionsC P violation is generated by the couplings Mm/v)?; while the leading two-loop contributions
Kobayashi-Maskaw#&KM) phase. The electron EDM gener- gre proportional to only one Yukawa couplimyv, where
ated from the KM mechanism is abouk80 *'e cm[1-3]. 1 i the fermion mass and=246 GeV is the vacuum ex-
S'm"aﬂg}g the expected muon EDM in the SM is abOUtPectation value(VEV) of the SM Higgs field. The exact
2X10 *"e cm. These values are more than 13 orders Obne-loop result actually goes liken®/maIn(m?/mg@), where
magnitude below the current experimental limits. Thereforem is the mass of the lightest neutral Higgs boson. The two-
precise measurements of the electron and the muon EDMIS()?) contributions dominate for the electron EDM because
might reveal new sources &P violation beyond the SM. . P S

lg one-loop contributions are greatly suppressed. For the

Several experiments have been carried out to search for I
neutron EDM @) and an electron EDMd,). At present muon EDM, the one-loop contributions could be comparable
0 ° " to those from two-loop diagrams for large fan

the experimental upper limits od,, [4] and d, [5] at 95% , i =i
C.L. are|d,|<11x10 2% cm and|d.<6.2x 10 ?%e cm Several studies have confirmed that a significant electron

respectively. The measurement of the muon ED#4)(is EDM can be_generated_if Higgs-boson excha_nge mediates
not yet so precise as that fo, andd,. The experimental CP violation in a two Higgs doublet model with Yukawa
upper limit on the muon EDM at 95% C.L. is interactions of model I[15,16. In this model, one Higgs
|d,|<1.1x 10 *% cm[6]. Recently, a dedicated experiment doublet couples to down-type quarks and charged leptons
has been proposdd] to measure the electric dipole moment while another doublet couples to up-type quarks and neutri-
of the muon with the existing— 2 ring at the Brookhaven nos. The electron EDM has important contributions from
National LaboratoryBNL) [8]. This experiment may be able two-loop diagrams involving the top quaf&1] and thew
to improve the measurement of the muon EDM by at least 90son[17-19. Diagrams with the charged Higgs boson
orders of magnitude. (H™) can also contribute to the electron EDJ0]. How-

A significant electric dipole moment for the electron or ever, recent measurements on the decay rate-e$y by the
the neutron can be generateddP violation is mediated by CLEO Collaboration[21] constrain the mass of thid™ in
Higgs-boson exchang¢9-11. In a nonsupersymmetric the model Il to be at least three times larger than ‘e
model with multi-Higgs doublets, for flavor symmetry to be boson masg22-27, and contributions from théd* are
conserved naturally to a good degree, a discrete symmetry therefore not expected to be significant. For the muon EDM,
usually required12]. In a two Higgs doublet model, there the two-loop contributions involving the quark as well as
will be no CP violation from the Higgs sector if the discrete the W boson were found to be dominant and to satisfy a
symmetry enforcing natural flavor conservation is exact. Ifsimple scaling relatiord, /de=m,/m, [28,29. However,
this symmetry is broken only by soft ternGP violation can  this conclusion did not take into account potentially impor-
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tant two-loop contributions involving thie quark and ther V1, da]1=Mipl 1+ Mapldot bl + n* dhdy
lepton.
In this paper, we present the first complete calculation for
the muon EDM in a two Higgs doublet model wi@P vio- 1 1
lation generated from Higgs boson exchange and Yukawa + 591(¢I¢1)2+ 592(¢;¢2)2+ a(ple)
couplings of model Il. We evaluate the leading contributions
to the EDM for the muon from two-loop diagrams involving
the W boson, tha quark, theb quark and ther lepton, and 1
thelone-loop diagrams. We find t_r(al for tan3=10 contri- X(hbo)+9' (Al o) (dhbr)+ Eh(¢1¢2)2
butions from two-loop diagrams involving the quark and
the 7 lepton are dominanf30], and (ii) for 8=tan3=4,
significant cancellation occurs among the two-loop diagrams L
and the one-loop contribution dominates for fgan7.
P fian + Sh*(#hg)?. &
Il. CP VIOLATION FROM HIGGS EXCHANGE This potential respects a discrete symmefiy— — ¢,, and
In a two Higgs doublet model with a discrete symmetry ¢,— + ¢,, except for the soft termaf{qsz and ¢I¢2. We
softly broken, the Higgs potential can have the fdit0] can rewrite the Higgs potential as

2 2

2\ 2 1 2 2 )
Vg1 dol=+5 gl(ml u) (¢>2¢>2 ) g1, 22 )(¢2¢2 @ ”1”2
*0,\? x| 2 t ot
| #lg— 22| + 5 h*(¢2¢>1 2—1) +g(‘i:—¢_j)(ﬂ_ﬁ) o
V1 Vp/\V1 U2

where all the coupling constants are real, with the possible exceptionG® is violated ifhv’l‘zvg has an imaginary part. The

minimum of this potential occurs at

(¢1)= \/— (¢2)= \/— ()

wherev /2 andv, /2 are the vacuum expectation valys4&€\V's) of ¢; and¢,. Both VEV's can be complex. Without loss
of generality, we will takg ¢3)=v,/\/2 and($3)=v,€'?/\/2 with v, andv, real and tag=v,/v,. The two VEV's satisfy
JuZ+v2=v, wherev is the VEV of the SM Higgs field and?=(y2Gg) 1.

Introducing a transformation, which takes the two Higgs doublets to the eigendtatasd ®,, such tha(d)g)=v/\/§ and
(®9)=0, we have

¢1=c0BP,—sinBD,, ¢,=(sinBD;+coxBd,)e'’,

G* HF
(I)]_: U+H1+iGO y (1)2: H2+|A y (4)
V2 V2

whereG* andG° are Goldstone bosonbl™ are singly charged Higgs bosons$; andH, are CP-even scalars, and is a
CP-odd pseudoscalar.
In the new eigenstates of E@t) for the Higgs fields, the Higgs potential beconjas]

2

2\ 2 2
V[DL.@y]= ag| 010,— S| + Eay(@10,)24 hg| BT 1— o | Db+ A a(D1D,) (1D 1)+ re| DI+ DD~
1, ¥2 2 1 1*1 2 2 2 2¥2 3 1+1 2 2*2 4 1*¥2 2+1 5 1+1 2%2

2 1 2, 1 24 (pt
+5 )\7(CD ®,)+ = 7\ ((I)Zq)l) +p(P;P,),

X(PID,+ DI )+ (A ]D,+ )\§<I>§d>1)(q3T<bl dld,—

©)
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where the parametegs v, and\;, i=1-5, are all realng  where
and\; can be complexCP is violated if the imaginary part N . 0
of Ag Or A7 is nonvanishing. There are 11 parameters, but ba veté*
only 10 of them are independent. One of the relations among b,=| v+ #° ’q; _ \/5 b = *
the 11 parameters is “ L e e e e
2 -9,
Im(Xe) " imny) (6)
m =————m ) =
6 2()\1_)\2) 7 24 1;21 (9)
o L and
In the above parametrization, {&ns given by
A=\ (N1—Np)2 n_ (M) oo (Y] 2,3 0
tanB: 1 2+ l+ 1—22 (7) LL - I 1 QL - d ’ m_lv 1y (1 )
\s \E L L

I™, d™, andu™ are the leptons, the down-type quarks and the

In model 11 [15,16, the down-type quarks and charged ' . . . ) i
leptons have bilinear couplings with the doubfgt while all gg;gtgeaqgiikrsetlg gﬁn?r?;?; eigenstates. This Lagrangian re

the up-type quarks and neutrinos have bilinear couplings
with the doubleté,. The Lagrangian density of Yukawa in- br1—— b1, Po—+ Py,
teractions has the form

m _ | m m _ dm
3 3 R , Up— )
Ly= —m;:l L1 Eml m;ﬁ Q'¢1F mndR LM~ +L", QM—+Q", ul—+ul, (1D
3 with m=1,2,3 anda=1,2.
-3 @EZG U+ H.c. (8) In the new eigenstates of E@) for the Higgs fields, the
mpz1 oo MR ’ neutral Yukawa interactions of the quarks become

N m— . my— 0 My——
LY=— —II(H;—tanBH,) —i — 1l ysl(GP—tanBA)— >, —dd(H;—tangH,)
I=e,u,7 U I=e,u,7 U d=d,s,b U
. myg— m,__ my__
—i —dysd(G°—tanBA) — —Uuu[H;+cotBH,]+i—uysu[ G+ cotBA], (12)
d=d,s,b U u=u,ct U v

where the quarks and leptons are in the mass eigenstates.
Adopting Weinberg's parametrizatidd 0], we can write the following neutral Higgs boson exchange propagators as

— coZBcotBImZ,,+ sir? ftandimZ,,

1« sin2BImZg, 1

<H1A>q:§; qz_mﬁ E; qz_mﬁ )
1o cosBImZy,— ImZ, 1 co€BIMZ,,+ sirtB8ImZ,,
<H2A>q_§; qz_mﬁ _52 qz_mﬁ ) (13

where the summation is over all the mass eigenstates of neu- lImZy+ Imzol$(1/2)cot/5’(1+tar12/3)1/2,
tral Higgs bosons. We approximate the above expressions by
assuming that the sums are dominated by the lightest neutral Imz,— Imzol$(1/2)tar18(1+cot2,8)1’2 (15)

Higgs boson of mass,, and drop the sums and indicesn

Eq. (13) hereafter. There are relations among @ viola-
tion parameters: IIl. MUON ELECTRIC DIOPLE MOMENT

_ o ~ A. Two-loop diagrams
ImZy+1ImZy= —cot"'BImZ,, . . _—
0 0 AImZ, Two loop diagrams for fermion loops contributing to the

- - muon EDM are illustrated in Figs.(d) and 1d). The dia-
ImZo—ImZy= +tarf imZ,. (14 grams with the intermediat2 boson are highly suppressed
by the vector part of th&u™ u~ couplings. Therefore, we
Employing unitarity, Weinberg has show10] that consider only the diagrams involving an intermedigte
[ImZ,|<(1/2)taB(1+tarfB)? and |ImZ,|<(1/2)coiB(1 The muon EDM generated from two-loop diagrams with
+cot’B)*2. Therefore, we have the top quark i§11]
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f(pw) —a(pw)

l2(pw) = o (21)

_r(t 1 r X(1—Xx)
h(r)zifodxx(l—x)—r x(1—x)—r|n( r _4’
(22)

wherep,,=ma,/m3, and the function§ andg are defined in
Eq. (17). There are another two sets of diagrams with the
W boson[17] contributing to the muon EDM. The contribu-
tion from these additional diagrams has an opposite sign to
that ofd}’'°°" and therefore reduces the magnitude of the full
contribution from theW boson. In our analysis, we have
employed the formulas in Reff17] to evaluate the complete
contributions from théV loops.

B. One-loop diagrams

© @ The one-loop diagrams contributing to the muon EDM are

) _ o illustrated in Figs. (& and Xb). The one-loop contribution
FIG. 1. Feynman diagrams for leading contributions to theig the muon EDM d,) is
M

muon EDM from one-loop diagramga) and (b)] and two-loop
diagrams with heavy fermions and tidéboson[(c) and(d)]. There
are many more diagrams involving thg boson[17-19 that are
not shown in this figure.

em\2Ggtar’s

done loop_
# (4m)*

1(p)(IMZy+1mZy), (23

wherep=m2/m§. The functionl (p) is defined as

16 ema2G
dtIOOp:__—\/—;{U(Pt)*'g(m)]'mzo _ [t X2
g 3 (4m) l(p)=p | dx—F— 7
o pX—x+1
+[9(p) —f(p) JImZo}, (16) 1
2702 ; i =l
wherem=m,, p;=mg/mg, andm is the mass of the light- p(21—23)
est neutral Higgs bosormhe functiond andg are defined as 71 z,—1
X (zl—l)ln( )—(zz—l)ln( ”
. rfld 1-2x(1-x) [x(1—x) L 2
(N=3 o X x(A—x) -1 rJ (24
where z; and z, are roots ofpx?—x+1=0. For p<1,
_r ld 1 | X(1=x) 17 I(p) approaches- p[In(p)+3/2]. In this limit, the one-loop
g(r)—2 o Xx(l_x)_r n ) ( contribution to the the muon or the electron EDM has a
simple form:
We take m;=175 GeV, m,=4.8 GeV, m,=1.777 GeV, e\2G tartB
my,=80.0 GeV, and the fine structure constant 1/137, dfgi‘;’of’: — —Fz(m3/mg)[|n(m2/m§)+3/2]
neglecting the running up to the scalero§. ’ (4)
The EDM generated from thie and ther loops is[30] X (ImZg+ |m’20). (25)
b, loop ) ema\/EGF wherem=mg,m, and (my>m) is assumed. Therefore, the
dy "=~ (4NQ tanzﬁ)—(‘lw)g one-loop contribution to the muon or the electron EDM is

_ proportional to (%/m3)In(m?/ng).
X[f(ps) +9(p)1(IMZo+1ImZg), (18
C. Numerical values

whereN_ is the chlor factor an@ is the charge. For thb In this section, we discuss the numerical value of the
and ther, 4N.Q is equal to 4/3 and 4, respectively. muon EDM with several choices ofi, and tar. The con-

The leading co.ntrlbutlon from two-loop diagrams with the tiputions from one-loop diagram@ne loop and two-loop
W boson[17-19 is diagrams involving théV boson W loop), thet quark
loop), the b quark ( loop) and ther lepton (r loop), are

ema+2G i ; _
d\{VIoop:(SinzIB) ‘/—3 F [414(py) + 21 () ]IMZo. presented in Tgble I.for t@= 2 and 20 withmy= 100, 200,
(4) and 400 GeV, in units ofa) Im Z, and(b) Im Z,,.
(19 To study the muon EDM dependence on the lightest

Higgs boson massnfy), we present the muon EDM gener-
B 3 ated from one-loop and two-loop diagrams in unitgaflm
'1(pw) =31 (pw) + Z-9(pw) + 7 N(pw), 20 Z, and(b) Im Z,, as a function ofm,, with tan3= 1, 7, and



(dashed, two-loop diagramsgdash-dottel] and their totalsolid) in
units of (@) Im Z, and (b) Im Z,, as a function ofmg, with

tan3=1, wheremy is the mass of the lightest neutral Higgs boson.

55 ELECTRIC DIPOLE MOMENT OF THE MUON IN A TWO ... 7103
TABLE I. The muon EDM from one-loop diagrantene-loop and two-loop diagrams with thé&/ boson
(W loop), the top quark{ loop), the bottom quarklf loop), the 7 lepton (= loop), and their totalTotal) for
tand=2 (tan3=20) with the lightest Higgs boson mass,=100, 200, and 400 GeV, in units df)
ImZyx 10~ 2% cm and(b) ImZ,x 10~ 2% cm.
mq (GeV)
Diagrams 100 200 400
(@ Im Zyx10 %% cm
One loop +0.01 (+1.19) +0.003 (+0.33) +0.001 (+0.09)
W loop +2.47 (+3.07) +1.16 (+1.45) +0.20 (+0.25)
t loop —1.88 (—1.88) —1.23 (—1.23) —-0.72 (- 0.72)
b loop —0.06 (—5.61) —0.021 (- 2.08) —0.007 (-0.73)
7 loop —0.04 (-3.97) —0.014 (—1.36) —0.004 (—0.44)
Total +0.50 (- 7.2) —-0.10 (-2.8) —-0.53 (-1.5)
(b) Im Zyx 10" 2% cm
One loop +0.01 (+1.19) +0.003 (+0.33) +0.001 (+0.09)
W loop +0.0 +0.0 +0.0
t loop —~0.33 (—0.33) —~0.21 (- 0.21) —-0.11 (- 0.11)
b loop —0.06 (~5.61) —0.021 (~2.08) —0.007 (-0.73)
7 loop —0.04 (-3.97) —0.014 (- 1.36) —0.004 (—0.44)
Total —-0.42 (—8.7) —0.24 (—3.3) -0.13 (—1.2)
20 in Figs. 2, 3, and 4. Figure 5 shows the effect of varying
tanB on the muon EDM, for the case of,=100 GeV. From
these figures, we conclude th@j for tan3 close to one,
tang = 1 contributions from two-loop diag.rams involving the _top
0.2 o O T quark and theN boson dominatefii) for tan3=10 contri-
5' 1 ' ] 5' ' ' butions from two-loop diagrams involving the quark and
g 00— Lloow 3 gop- 2l _..i the 7 lepton are dominar30]; (i) for 8=tan3=4, signifi-
8 | @mz, 3 E ) m?, ] cant cancellation occurs among the contributions from two-
-0.2— — -01f- — loop diagrams and one-loop diagrams dominate for-tan
§|c> \ 3 F ] To compare the muon EDM with the electron EDM, we
Rl - 0= — present the ratio ofd),/d,) to (m,/m,) in Fig. 6. For the
1 F ] r ] electron EDM, the two-loop contribution is about
©T0.8["otal = 2 100P=] 0.3 F/pota) x 2 loop 10° (for tan3=10) to 1@ (for tan3~1) larger than that
Y = I P I B | P IR from the one-loop diagrams. For the muon EDM, the one-
100 200 300 100 200 300 loop diagrams make important contributions which dominate
m, (GeV) m, (GeV) for tan3~ 7. For tarB= 10, the one-loop contribution to the
1w paan naans RaARs R Y n a sy RARAN RARAS muon EDM is about 10% of that from the two-loop dia-
~ [ (©@ImZ 3 F ] grams. We find thati) for tan3~1, d,,~(m, /my); (ii) for
g [~ Two Leop 3 0.0 femm = tan3=10,d,~0.9(m, /m), since there is a cancellation for
o r ¥ 1 o4 E = the muon EDM between the one-loop contribution and the
§ ofro— c NP two-loop contribution involving thé quark and ther lep-
S [ ° 1 02 7 = ton; (iii) for 8=tand=4, |d,| can be two to three times
b - @ m |(m,, /me)de|.
o - o 1 -03F 0 ] The muon EDM can be expressed as
e ] /' Two Loop ]
PN v/ I I P RO & I P IV ~  datdg _
100 200 300 100 200 300 d,=dalmZ,+dgimZ,= T(|mzo+ ImZ,)
m, (GeV) m, (GeV)
: da—dg =
FIG. 2. The muon EDM generated from one-loop diagrams + > (ImZy—1mZy), (26)

Also shown are the contributions from two-loop diagrams involvingWhere da and dg are the total coefficients of If and

theW boson(dot), thet quark(dash-dottel theb quark(dash-dot-

dotted, and ther lepton (dash-dot-dot-dottgd in units of (©) Im

Zy and(d) Im

ZO.

ImZ, from one-loop diagrams, the/ loop, thet loop, the
b loop, and ther loop. Applying unitarity constraints in Eq.
(15), we can define the maximéd | as
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tang = 7 my = 100 GeV
0'5:|"r']'"'I""::I""I""l"": 2:”- llllllllllll—::lll LELELELE BLELLELE L L
—_ k.. 1 loop I~ 1 loop 1 — 1L°Bf’ 1E il_og— E
g 00~~~ ——F T T~~~ g o~ I E
o o 1k = o F 1k 3
g 05 < = i |3 E
- 1 ] § o | =
S-Lof =l K S F |2 3
~ F I ] ~ -6 NE o~ S\
<tisf @Mz 4 = d L @m%B 3 ®mZ ]
_z‘o:l""|""|"": I""I""l"": _10:|||I||||||||||||||::||||||||I|||||||||:
100 200 300 100 200 300 5 10 156 20 5 10 156 20
m, (GeV) m, (GeV) tan 8 tan B
:.lllll llllll'":ll"'ll"',l"": 4_|||||||||||||||__|||||||||||||||
—~ 8= (cB ImZy, 4 (@dIm?Z, - . E ,,.-I ------- -'!:' ------- " C ! ! ! 3
£ F . Two Loop 3Jf Two Loop I g 2F —F -
O 2 . —F — 3} L JF _
O L : | 3 ) [ 1k .
$ B er GF = 3 O e |
h E E | C ~o~. ac No~. u
o C J 5 s~ t_3JF O 3
Z o /--—':—-"“"“— T ‘?‘ R N NN
ey _3 :;\/ b ] ~ DR [ R
<, T TR, - St -af- (@ ImZ e iqp (4 ImZp g
£~ | 3 r Two Loo “Jf Two Loo “J
_2'4-'/"'|""I""_+""I""l""_ _6'||||1|||I1|p|||||\|"|||||||||p|||||\|"
100 200 300 100 200 300 5 10 15 20 5 10 15 20
m, (GeV) mg (GeV) tan 8 tan g
FIG. 3. The same as in Fig. 2, except that@an’. FIG. 5. The muon EDM generated from one-loop diagrams
(dasheg), two-loop diagramgdash-dottefland their total(solid) in
units of (@) Im Zy and (b) Im Z,, as a function of tad, with
my=100 GeV. Also shown are the contributions from two-loop
diagrams involving th&V boson(dotted, thet quark(dash-dotted
the b quark (dash-dot-dotted and thgj lepton (dash-dot-dot-
dotted, in units of (c) Im Z, and(d) Im Z,.
2 LT Ll Ll | 1 1 L T I T T T T I T T L) T
tang = 20 - JE
3 "L . .
_I TV 1T I LU I LI I_ _l LI | LN B ) I L I_ E : \
~ B R 1 loop ] ~ o [
§ o I =~ -4 g F\
g - il . e -1\ my = 100 GeV
[ iC ] I E \
§ -5 -1 - o -efp 200
= . . . g c (a) Im Z,
e / - - .-Ui -3 :_
—10— (a) Im Zo ] ] = E
-U : : - : 4 = 1 1 1 | 1 1 1 1 | ] 1 1 1 | 1 'l 1 1
B 7] ] 1-65 L) T T L) T L) T L) L) L) T T L) T T
_15-|||||||||||||||- -II ||||| Ll |||||- : I | | :
100 200 300 100 200 300 - L (b) Im 'Zo -
m, (GeV) m, (GeV) g 100 —
LN B ) LI I ) Tt LI ) LI ERNLL I ) \ o :
B S RN ARAE I AN RARAS RARAF 3 - ;
B b | = E oesf =
§ e . ; It B
» O HEt . = ® L Nl 2000~ — T 3
F ot s B ety -~ < u = = -
3 2 E e i \l 0.90— —
5 “ET £ ] < i m, = 100 GeV
: / / ~ : 0.65 1 1 1 1 1 1 1 1 1 ] 1 1 ] 1 1
< b (e) Im 2Z, SU(@ImZ, 3 5 10 15 20
—°F Two Loop  JF Two Loop
N TP D SR | T D tang
100 200 300 100 200 300
m, (GeV) m, (GeV) FIG. 6. The ratio of @,/de) to (m,/me) in units of (a)

Im Z, and (b) Im Z,, as a function of ta@, for my= 100 GeV
FIG. 4. The same as in Fig. 4, except thatdar0. (solid), 200 GeV(dashed, and 300 GeMdash-dotteg
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20-0 LI I TV 1T I LELELIL) I LI LI /Il—i‘l

~~~ — -

B 100 m,=100GeV - — —
o s.0F -7

o r e -]

P —
§' 20— ,
© et T e
— —
~ E
= ]
E —
o 1 L1 1 I L1 1 I L4 1 I L1 1 | 1111 I 1 1.1 .1
LI I LI DL I LI LI | TT1T 17T I LI LI I LI LB
/E\ 100.0 -
100 GeV_ - — —3
o - 3
®© v _-" T . -
z‘}; _/,_,-—-—"}oo 4
o ldalue. =
i
SN’ -
_E (b) Electron E
5 =
= ]
0.1 L1l I | . I Lt 1 1 I L1 1 | | 11 1 1 | L1 1

5 10 15 20 25 30
tang

FIG. 7. The maximal EDM allowed by unitarifyEq. (27)] for
(a) the muon EDM andb) electron EDM, as a function of tgnhfor
my= 100 (dashegl 200 (solid), and 400 GeV(dash-dotted Also
shown is the experimental upper lingl.L.) on the electron EDM
at 95% C.L.(dotted.

datd ~  |da—d _
|dM|maX=‘%||mzo+|sz|+ A Bl imzZy—ImZy|
datd
= %Cotﬁ( 1+ tarF,B) 1/2
da—d
+ %tanﬂ( 1+cop)Y2 27)

7105

portional to (ImZy+ImZ,). (i) For the thet loop, the
coefficient of the ImZ, is much smaller than that of the
Im Z,. (iii) The W loop does not contribute to the |ix,
term. (iv) The contributions from one-loop diagrams and the
W loop have a positive sign while the contributions from
heavy fermion loops have a negative sign. Therefore, the
total muon EDM is slightly reduced by cancellatigm) For
large tamB, two-loop diagrams involving thé and ther
dominate and the electron EDM and the muon EDM are
almost proportional to their masses. Therefore,
d,~(m,/mg)d, for tans=10.

IV. CONCLUSIONS

Our results may be summarized as follows.

For tarB close to one, contributions from two-loop dia-
grams involving the quark and theV boson dominate.

For tan3=10, contributions from two-loop diagrams in-
volving theb quark and ther lepton are dominant.

For tan3~1 or tan3=10,d,~(m,/mg)d,.

For 8=tanB=4, significant cancellations occur among
the contributions from two-loop diagrams and the one-loop
contribution dominates for tgr7.

For tarB>15 and the lightest Higgs boson mass
my<300 GeV,CP violation mediated by Higgs boson ex-
change in a two Higgs doublet model could produce a muon
EDM which is close to the reach of the proposed BNL ex-
periment[7].

High precision experimental measurements of the muon
EDM could provide interesting information abouot, and
tanB as well as CP violation parameters, Iy, and
ImZ;,i=0,1,2. A positive result for the muon EDM mea-
surement could shed light on non-stand@&ré violation and
help pin down the value for tghin two Higgs doublet mod-
els. A negative result, however, could me@nthat targ is
small than 10; or(ii) the CP violation parameters 1y, and
ImZ; are smaller than their unitarity bounds; diij) the
masses of the neutral Higgs scalars and the Higgs pseudos-

In Flg 7, we present the maximal value allowed by uni- calar are very close to one anoﬂﬁéo]_

tarity for the muon and the electron EDM’s, as a function of
tang with mg=100, 200, and 400 GeV. Also shown is the
experimental upper limit for the electron EDMenoted by
|delur). In this model, for tag=10, the simple scaling We are grateful to Yannis Semertzidis for continuing en-
(m,/me)|dey . could be treated as an upper limit for the couragement and beneficial discussions regarding the BNL
muon EDM sinced ,~(m, /m¢)d.. A measured value of the muon EDM experiment. We also thank Robert Garisto for a
muon EDM above this bound could arise if the muon EDM helpful comment. This research was supported in part by the
and the electron EDM are generated from different sourced).S. Department of Energy under Grant Nos. DE-FGO05-

ACKNOWLEDGMENTS

i.e., if this model applies only to the muon EDM.

87ER40319(Rochester and DE-FG02-95ER40896Wis-

There are several interesting aspects to note from the digonsin, and in part by the University of Wisconsin Research
ferent contributions(i) The contributions from one-loop dia- Committee with funds granted by the Wisconsin Alumni Re-

grams and two-loop diagrams with theand ther are pro-

search Foundation.

[1] F. Hoogeveen, Nucl. Phy&341, 322(1990.
[2] I. B. Khriplovich and M. Pospelov, Sov. J. Nucl. Ph#s, 638
(1992.

[3] M. Booth, University of Chicago Report No. EFI-93-01, 1993

(unpublished
[4] I. S. Altarevet al, Phys. Lett. B276, 242(1992; K. F. Smith
et al, ibid. 234, 191 (1990.

[5] E. Comminset al, Phys. Rev. 260, 2960(1994); K. Abdullah
et al, Phys. Rev. Lett65, 2347(1990.

[6] J. Baileyet al,, J. Phys. G4, 345(1978); J. Baileyet al,, Nucl.
Phys.B150, 1 (1979.

[7] E821 Collaboration at BNL, Y. Semertzidist al. (unpub-
lished.

[8] EB21 Collaboration at BNL, “A New Precision Measurement



7106

of the Muon(g-2) Value at the level of 0.35 ppm,” Design

Report No. BNL AGS E821, 199&unpublished

[9] S. Weinberg, Phys. Rev. Leth3, 2333(1989.

[10] S. Weinberg, Phys. Rev. B2, 860 (1990.

[11] S. Barr and A. Zee, Phys. Rev. Le#5, 21 (1990; 65,
292QE) (1990.

[12] S. L. Glashow and S. Weinberg, Phys. Rev. 15, 1958
(2979.

[13] G. C. Branco and M. N. Rebelo, Phys. Let60B, 117(1985.

[14] J. Liu and L. Wolfenstein, Nucl. Phy&289, 1 (1987.

[15] J. F. Donoghue and L.-F. Li, Phys. Rev.19, 945(1979.

[16] L. Hall and M. Wise, Nucl. PhysB187, 397 (1981).

[17] R. G. Leigh, S. Paban, and R.-M. Xu, Nucl. Ph{352 45
(1991.

[18] J. Gunion and R. Vega, Phys. Lett. 251, 157 (1990.

[19] D.-W. Chang, W.-Y. Keung, and T.-C. Yuan, Phys. Rev®)
14 (199)).

VERNON BARGER, ASHOK DAS, AND CHUNG KAO 55

[20] C. Kao and R.-M. Xu, Phys. Lett. R96, 435(1992.

[21] CLEO Collaboration, M. S. Alanet al, Phys. Rev. Lett74,
2885(1995.

[22] R. G. Ellis, G. C. Joshi, and M. Matsuda, Phys. L&ff9B
119 (1986.

[23] T. Rizzo, Phys. Rev. [38, 820(1988.

[24] B. Grinstein and M. Wise, Phys. Lett. B01, 274 (1988.

[25] W.-S. Hou and R. Wiley, Phys. Lett. B02 591 (1988.

[26] C.-Q. Geng and J. Ng, Phys. Rev.3B, 2857(1988.

[27] V. Barger, J. L. Hewett, and R. J. N. Phillips, Phys. ReviD
3421(1990.

[28] W. Bernreuther, Z. Phys. 66, S97(1992.

[29] W. Bernreuther and M. Suzuki, Rev. Mod. Phy&3, 313
(199).

[30] A. Das and C. Kao, Phys. Lett. B72, 106 (1996.



