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ABSTRACT: We study the electric dipole moment (EDM) and the anomalous magnetic
dipole moment (MDM) of the muon in the CP-violating Minimal Supersymmetric extension
of the Standard Model (MSSM). We take into account the contributions from the chargino-
and neutralino-mediated one-loop graphs and the dominant two-loop Higgs-mediated Barr-
Zee diagrams. We improve earlier calculations by incorporating CP-violating Higgs-boson
mixing effects and the resummed threshold corrections to the Yukawa couplings of the
charged leptons as well as that of the bottom quark. The analytic correlation between
the muon EDM and MDM is explicitly presented at one- and two-loop levels and, through
several numerical examples, we illustrate its dependence on the source of the dominant
contributions. We have implemented the analytic expressions for the muon EDM and
MDM in an updated version of the public code CPsuperH2. 0.
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1 Introduction

The anomalous magnetic dipole moment of the muon, a, , has provided one of the most
sensitive test grounds for the validity of the Standard Model (SM) [1]:

a;, "’ = 11659208 (6.3) x 10717 (1.1)

At the same time, it also provides an important constraint on new physics with precise SM
predictions available. The SM prediction consists of QED, electroweak (EW), and hadronic
contributions. The hadronic contribution is further decomposed into leading-order (LO)
part and higher-order vacuum polarization (VP) and light-by-light (LBL) parts [2-18]:!

SM _ _QED EW Had.(LO) Had.(VP) Had.(LBL)
a, = a; —i—au —i—au —i—au —i—au

= 11659177.3(5.3) x 10719, (1.2)

Equations (1.1) and (1.2) suggest that there is currently a 3.7 o discrepancy between the ex-
perimental result and the SM prediction, which can be attributed to possible contributions
from physics beyond the SM:?

EXP
Aau

aBXP _ gSM = 30.7(8.2) x 10710 (3.70). (1.3)

1See table 1 for details of the SM prediction.

2 The number incorporates the hadronic VP result calculated based on measurements at electron-position
storage ring. Calculation based on hadronic 7-decays gives a different result, which is considered less reliable.
If the 7-based result is used, the overall discrepancy reduces to only about 1o.



au % 1010 50’# X 1010 Ref
a™P | 11658471.810 | (0.016) [3-5]
aEW 15.4 | (0.2) (6]
(Had(EO) 690.9 | (4.4) 7]
gl1ad-(L0) 689.4 | (4.6) (8] ()
gl (LO) 692.1 | (5.6) [9]
gl124.(10) 694.4 | (4.9) [10]
g1a4010) 691.04 | (5.29) [11]
(T (VP) —9.8 | (0.1) [8, 12]
(0 (CBT) 8.0 | (4.0) [13]
e (LBL) 13.6 | (2.5) [14]
gl12d-(LBL) 11.0 | (4.0) [15]
e (LBL) 11.6 | (4.0) [16]
alI—LIad.(LBL) 10.5 | (2.6) (17] (%)
aEad.(LBL) 10.2 | (~3) 18]

Table 1. The SM prediction of aEM: see, for example, ref. [2]. For the quoted value in eq. (1.2)
we use the results in [8] and [17] for the hadronic leading-order and the hadronic light-by-light
contributions, respectively.

One of the most appealing scenarios for physics beyond the SM is augmented with
a softly broken supersymmetry (SUSY) around the TeV scale. The supersymmetric con-
tributions to a, from such models are known up to dominant two-loop contributions.
The one-loop results can be found in [19-24] and the two-loop results in [25-30]. It is
well-known that the dominant two-loop contribution comes from Higgs-mediated Barr-Zee
diagrams [31]. The error associated with the known SUSY contributions is estimated to
be ~ 2.5 x 10710 [32], which is smaller than half of the current experimental and SM
theoretical ones. On the other hand, the SUSY augmented models can contain additional
CP-violating phases beyond the SM Cabibbo-Kobayashi-Maskawa (CKM) phase leading
to sizable EDMs [33-36]. The current limit on the muon EDM [37] is

|d,| < 1.8 x 107" ecm (95% C.L.), (1.4)

which is much weaker than the constraints from the non-observation of the Thallium [38],
neutron [39], and Mercury [40] EDMs:

ldry| < 9x107% ecm,
|dy| < 3 x107% ecm),
|dpg| < 2x 1072 ecm. (1.5)



Nevertheless, if the muon EDM experiment in the future can achieve the projected sensi-
tivity [41]
dy~1x10"* ecm, (1.6)

the precision of the experiment will be comparable to that of the current Thallium EDM ex-
periment.

In this paper, we study the correlation between the muon EDM and MDM in the
CP-violating MSSM [30, 42]. We present the relation between the one-loop chargino- and
neutralino-mediated EDM and MDM of the muon. We also derive an analytic relation
between them in the two-loop contributions from the dominant Higgs-mediated Barr-Zee
diagrams. We improve the earlier results by including CP-violating Higgs-boson mixing
effects in the Barr-Zee diagrams and resumming the threshold corrections to the muon,
tau, and bottom-quark Yukawa couplings in the one- and two-loop graphs. We then focus
our numerical studies on three types of scenarios in which (i) the muon EDM and MDM
are dominated by the one-loop contributions, (i7) the lightest Higgs boson is mostly CP
odd and lighter than ~ 50 GeV, and (iii) the dominant contributions to the muon EDM
and MDM come from the two-loop Barr-Zee graphs.

For the presentation of our analytic results, we follow the conventions and notations of
CPsuperH [43], especially for the masses and mixing matrices of the neutral Higgs bosons
and SUSY particles. The layout of the paper is as follows. Section 2 presents formulas
relevant to the one-loop contributions to the muon EDM and MDM from chargino- and
neutralino-mediated diagrams. Non-holomorphic threshold effects on the muon Yukawa
coupling have been appropriately resummed. In section 3, we present analytic results for
the Higgs-mediated two-loop Barr-Zee diagrams. For this, most importantly, the resummed
threshold corrections to the tau and bottom-quark Yukawa couplings and the CP-violating
Higgs-boson mixing effects have been incorporated. In section 4, we present some numerical
examples, depending on the source of dominant contributions to the muon EDM and MDM.
We summarize our findings in section 5.

2  One-Loop EDMs and MDMs of charged leptons

The relevant interaction Lagrangian of the spin-1/2 lepton with EDM d; and MDM g is
given by

7 — ea; —
Lopin—1/2 = 3 dy (low vs1) F* + 4—mll (lowl) F*, (2.1)

where o = L[y# 4¥] = i(y#y” — g"). The EDM and MDM amplitudes are given by

eaq

(MMDM)“ZQ—mIIﬁ(P')(iUun)U(P% (Mepm) = dia(p’) (0" ysq.)u(p) . (2.2)

Generic interactions of charginos )Zf2~or neutralinos 92(1)72,37 4, collectively denoted by x, with
a lepton [ and a slepton (sneutrino) [j , () are given by

Lop=gX 0GP I + g); (% Prl) I + hec. (2.3)



The Lagrangian for the interactions of y and l~’172 with the photon field A, is

Lyxa = —eQx (X1ux)A" and Lijia = —1e Qg " 3“ rAr. (2.4)

The diagrams in figure 1 induce the MDM and EDM of the lepton [ as follows:

2 _
my A
(a))X = 2 { (‘géij

!
I

2 ~.
i
+ ‘gfz‘j

) [FQuatmd, ) + @y B, )|

My, U * XU 9 2 ) 9 9
+ - Re KgRij) ng‘j] [Qx A(mxl./mlz) + Ql,B(mxi/m%)] },
dy X My w\*
(;) = 7167T2Xml% Sm [(gl’élj) gﬁij] QuA(m3, /miy) + Qp By, /m3) | (2.5)

where

1 2rinr
B(r):2(1_r)2 <1+7‘+1_ >
B 1 5  brinr
A(r)—12(1_r)3<2+5r—r + —r>’
B 1 5 6rinr
B(r) = 201 = ) <1 5r — 2r° — — > (2.6)

We have checked that our analytic expressions for the one-loop MDM and EDM agree with
those given in, for example, ref. [23] and [36] with Qi- = Q- = —1 and chg =Qy = 0.
i J
Note A(1) = —1/3, B(1) = 1/6 and A(1) = B(1) = 1/24. Finally, in eq. (2.5), the
chargino-lepton-sneutrino couplings are given by
E1D VED s
95 = —9(Cr)in, 9ri = hi(CL)iz, (2.7)

and the neutralino-lepton-slepton couplings are given by
oI * AN * AN * AN
9Lij = —V2g T3 N}y (Ul) by V2gtw <Ql - T?i) il (Ul>1j — i Ni3 (UI)QJ, )

..Olz' 2\ k¥ « 7\ ¥
g;(?ij = \/igtWQlNil <Ul>2‘—thi3 (Ul)lA , (2.8)
J J
with T = —1/2 and Q; = —1.
There are non-holomorphic threshold corrections to the Yukawa couplings h; which ap-
pear in the chargino and neutralino couplings [44-46]. These corrections become significant
at large tan 0 and we resum these effects by redefining the Yukawa couplings as follows:

\/iml 1
hy = .
vep 1—|—Alt5

(2.9)



Figure 1. Feynman diagrams for the EDM (d;)X and MDM (a;)X of the lepton [ induced by .
The photon line can be attached to the slepton I’ line or the x line.

In the presence of the CP phases, A; takes the form [47]

Qo WMy
mz—ﬁijrll(wMMQM + 5 vk (%MMQM)
7TSW
1 72 Qo M7
5 |ULo| 1 (2 e ) |+ S m?, My 2)
2 47TCW
1 = 2
+5V%11(%mmﬂm)+—ﬁm\f(%mm2m)
- 2 -
—V%JI@ﬁmm%wﬁ—kmAI@%mm%wﬂr (2.10)

where the one-loop function is

ey, 2) = zy In(z/y) + yz In(y/z) + xz In(z/x) . (2.11)

(z—y)(y—2)(z—2)

These effects on the muon MDM have been considered in ref. [29] only in the CP conserv-
ing case.

3 Barr-Zee graphs

The dominant two-loop contributions come from the Barr-Zee diagrams mediated by neu-
tral Higgs-boson exchanges, see figure 2. Here, we consider loops of third-generation
fermions and sfermions, charged Higgs bosons, and charginos. The diagrams can be evalu-
ated first by one-loop computation of the H;(k — q)—y"(q)—y" (k) vertex. Thanks to gauge
invariance the effective vertex takes the form

DI = [g"k - q = k'q") Si(k?) + [ kaqs| Pi(k?). (3.1)

where ¢ is the incoming four-momentum of the external photon, p (p’) the four-momentum
of the incoming (outgoing) lepton, and k the four-momentum of the internal photon going
out of the upper loop. Note that p’ = p + ¢. Explicitly, keeping only the terms linear in



H:I:>7~—7'E,B" K Hi,’f’,ﬂi) ; %
Y H \{
Hz(k_q) /‘~-' Ey(k) HZ /“-” Y
’ ’
1 — k) [
I(p) 1(p') ! l
Y Y
T,t,b x*
H;, Y H; , Y
’ ’

Figure 2. Barr-Zee diagrams: the H; lines denote all three neutral Higgs bosons, including CP-
violating Higgs-boson mixing, and heavy dots indicate resummation of threshold corrections to the
corresponding Yukawa couplings.

the external momenta, the fermionic contributions are given by

1 P 1-2z(1-um)

ST (k?) = —— N/ €22 S/
z( ) 472 Clegfmngiff 0 x(l—x)kQ—m3c7

PL(K) =~ NEQlaymy ol ; /1 ; o
: 4m2 OO I IS | o1 =2k — md '

with the generic f-f-H; interaction: Ly 7 = —gf f(gfiiff + s g]};iff) f H;. The color
factor N(J; = 3 for quarks and 1 for leptons and charginos. On the other hand, the sfermion
loops contribute only to the scalar form factor as

z(1—x)
1—2)k?—m

_ 1 1
2 212
S/ (k%) = —87T2N£e vagHif*f/O o : (3.3)

N

with the generic f-f-H; interaction: EHif*f =V f f*fH;.
Together with the interaction Lagrangian for the couplings of the neutral-Higgs bosons
and photon to charged leptons

EHJJ = —4q l_(gfliil + 175 gﬁin) I H;, L =—eQ Z_WM l Au ) (3.4)



where g; = 291\%/ (as in the CPsuperH convention), the Barr-Zee amplitude is given by
ZMBarr Zee — (35)

a4 w(@) [Tﬁ‘ v (—K) (95,5 + 15 94.) + (955 + 195 95.) ) T5 2 | u(p)
e / (2r) KZRZ (k2 — M) ’

where again we keep only the terms linear in the external momenta. We note the numerator
of the integrand is proportional to

(gH 1 S gH 1 P > (ZU QV) <g[P}Z[l Sz + gliifl Pz) (U!W’YSQV) . (3'6)

We observe that the first term gives the MDM while the second one gives the EDM of the
lepton [. Consequently, the Barr-Zee contributions to the MDM and EDM are related by

(a)™ = 2my (%)H

with normalizations of the MDM and EDM of the lepton [ as given by eq. (2.1). For
the dipole moment diagrams with chirality flip inside the loop, the MDM and EDM parts
correspond directly to real and imaginary parts of the overall amplitude. The above relation
is a recasting of that statement in terms of the effective scalar and pseudoscalar couplings
of the generally CP-mixed Higgs states involved. To give the MDM result explicitly, with
Q; = —1, we have?

30tem Q2 m? g%
H em 1 Hl+l
R R

S p , (3.7)
{ I — 9,

Iun — ~9mn

q=t,b H; Jj=1,2
302 Q2 le 3
m S S P P
+ 47:232 }1\/[2 |:_gHil+l*gH¢(jq frq) + 9m,1+1-9H;qq g(Tqi)]
i=1

Oéemml 9Hl+l— Z
gH’T Fi F(TT )
3 i J gt
16w i=1 MHi j=1,2

S S P P
4%25%,[,]\/[2 Z { 9H+1-9H, 7+~ J(7r) + 9u,1+1-9H, 7+ - Q(Tri)} )

aemml gHiH[*
- grg- F(rg=;
1673 < M}g{ 9mn+u- F ()
=1 i

2 2
Qom MY

4=
2\/§7T2812/I/MW

3
1 S S
T o [ i T ot 0] 39

i=1j=1,2" X;

3Here we add the contribution from the charged Higgs boson loop and confirm the positive signs of the
fermionic Barr-Zee contributions [36].



where 7,; = mi/MIQ{Z and the two-loop functions F(7), f(7), and g(7) are

F(r) = /Oldx - f(i(—lx_)x) In [9”(17— l’)} :
;
5

/oldm x(l—alc) — [x(l;x)} : (3.9)

For genuine SUSY contributions, the embedded SM contribution should be subtracted.
We estimate the SM contributions as

302 Q% m? 02 m2
H i
(a)gm = — E [74;;2%/?\4%/ fmgsm) | — 747#2%/]\2%/ f(Trsm) (3.10)
q=t,b

~ 1.8 x 107! when Mp,,, = 100 GeV

and it decreases as Mpy,, increases. In our numerical analysis, we safely neglect (al)gM.

where Tpom = m?/MIQJSM We find that ‘(au)gM

4 Numerical analysis

Adding up all the contributions considered in the previous sections and neglecting (al)gM,
the supersymmetric contribution to the muon MDM is given by [32]

(ay)susy = <1 - 40;:m log MSZLSY> [(au)xi + (au)xo + (au)H]

_ + 0 H
= (au)Susy + (@) Susy T (@) Susy - (4.1)

where the large QED logarithm takes into account the renormalization-group (RG) evolu-
tion of a,, from the SUSY scale down to the muon-mass scale. The logarithmic correction
amounts to -7 % and -9 % for Mgusy = 100 GeV and 1000 GeV, respectively.

4.1 A typical scenario where 1 loop dominates

We first consider a typical scenario in which the dominant contributions come from the
one-loop chargino and neutralino diagrams [32]. We set

’M’:‘Mﬂ:z‘Mﬂ:MEQ:MEQ:MS. (4.2)

The common scale Mg and tan (8 are varied. For CP phases, we first consider the two
values for ®, = 0° or 180° while taking vanishing CP phases for the gaugino mass and A
parameters: ®;93 = ®, = 0°. The remaining relevant parameters are fixed as

Mys =300 GeV,

Mgy, = M, = Mp = M; =Mz =05 TeV,
|Apprul =1 TeV,  |[Ms]=1 TeV. (4.3)
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Figure 3. The one- (upper) and two-loop (lower) contributions to (a,) susy as functions of Mg (4.2)
for tan 8 = 2.5,5,10,20,30,40,50. In all frames, the smaller value of tan gives smaller |a,,|.
The other parameters are chosen as in eq. (4.3).

In figure 3, we show the one-loop contributions from the chargino and neutralino
diagrams (upper) and the two-loop contributions from the Barr-Zee graphs (lower) to the
SUSY muon MDM as functions of Mg for several values of tan 3. The left frames are
for ®,, = 0° and the right ones for ®, = 180°. In both cases, the two-loop and one-
loop contributions have same signs for most regions of Mg. The one-loop and two-loop
contributions drops rapidly as Mg increases. The case of ®, = 0° gives the correct sign and,
for example, we have (a,)susy x 10!9 > 10 at Mg = 500 GeV when tan 8 > 20. For ®, =
180°, (ay)susy is negative and the considered regions of Mg are not allowed because data
prefers a positive a,. Note that for tan 3 > 30, the tan -enhanced threshold corrections
can turn the b-quark Yukawa coupling non-perturbative. This happens when Mg (or |ul) is
sufficiently large, as for the case at hand. It is shown by the termination of the curves in the
right panels of figure 3. Our results are in good agreement with existing ones in literature.

Figure 4 shows the SUSY muon MDM (upper) and EDM (lower) as functions of ®
taking ®1 = 0° (left) and 180° (right). We have taken ®, = 0°, Mg = 250 GeV, tan 3 = 30,
and the other parameters the same as in figure 3. In both the MDM and EDM, we
observe that the dominant contribution is coming from the one-loop chargino diagrams.
The subleading contribution from the neutralino diagrams is about 5 to 10 times smaller
and likely has an opposite sign with respect to the dominant chargino contribution. The
contributions from the Higgs-mediated Barr-Zee diagrams are negligible. Numerically, we

-9 —
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Figure 4. The MDM (upper) and EDM (lower) of the muon as functions of ®o taking ®; = 0°
(left) and 180° (right) when ®, = 0°, Mg = 250 GeV and tan § = 30. The thick line is for the total
MDM/EDM and the thin solid, dashed, dash-dotted lines are for the constituent contributions from
the one-loop chargino, the one-loop neutralino, and the two-loop Barr-Zee diagrams, respectively.

have —0.8 < (a,) gy X 1019 < 0.6 and |(d,)" | x 10** < 7Tecm. We clearly see the (shifted)
cosine and sine functional forms of the MDM and EDM, respectively, as to be anticipated
from the relations given in eq. (2.5). In the upper frames, the horizontal band is the
experimental 1-o-allowed region, (30.7 4 8.2) x 10'%; see eq. (1.3). In the lower frames
the region is overlayed with thick dots along the thick solid line. We note the chosen
parameter set is compatible with the experimental data only for the non-trivial values of
®, around 60° and 300°, resulting in large EDM of about £5 x 10722 e cm, which can be

0—24

easily observed once the projected sensitivity of 1 can be achieved.

4.2 CPX scenario

Next we consider the CPX scenario [48]:

MQ3 - MU3 - Mf):a - Mi:a - ME3 = Msusy ,
|,u| = 4 Msusy , |At,b77| = 2 Msysy , |M3| =1 TeV. (4.4)

Taking A, = A;, we fixed &4 = &3 = 90°, Msusy = 0.5TeV, |My| = 2|M;| = 100 GeV
with @19 = 90°, and M i, = Mg, = Msusy. For our analysis, the most relevant feature

,10,
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Figure 5. The muon SUSY MDM (left) and EDM (right) as functions of My, in the CPX scenario
with tan 3 = 10, see eq. (4.4). The lines are the same as in figure 4. In each frame, the region left
to the vertical line is excluded by data on YT(1S) decay [50].

of the scenario is that the combined searches of the four LEP collaborations reported two
allowed regions where the lightest Higgs boson H; can be very light for moderate values of
3 < tanf < 10 [49]:

My, < 10 GeV for 3 < tang < 10,
30 GeV < My, < 50 GeV for 3 < tanf S 10. (4.5)

> 8GeV, is available

~

On the other hand, a lower limit on the lightest Higgs boson, M,
from the bottomonium decay Y (15) — vH; [50]. Figure 5 shows (a,)susy and d,, in the
CPX scenario as functions of My, taking tan( = 10. When My, < 50GeV, the one-
loop contributions to (a,)susy are negligible compared to the Higgs-mediated two-loop
contributions. The sign of (aM)IS{USY is plus (+) since it is dominated by the bottom-quark
and tau-lepton loops mediated by H; which is almost the CP odd state; see eq. (3.8).
However, it is still difficult to achieve (a,)susy x 10’ > + 10 only with a mostly CP-odd
Higgs boson as light as ~ 8 GeV. For the EDM, the one- and two-loop contributions are

comparable and tend to cancel each other.

4.3 An extreme scenario

Finally, we consider a scenario in which the one-loop neutralino and chargino contribu-
tions are suppressed while the two-loop Barr-Zee contributions dominate. This scenario is
characterized by large tan 3, a light charged Higgs boson, very heavy smuons and muon
sneutrinos, and very large |u| and |A; ;| parameters. Explicitly, we have chosen

tan g = 50, Mp+ = 0.2 TeV,
M;, = Mg, =10 TeV,
Mg, = My, = Mp, = Mj = Mg =1TeV,
|A;| = 1 TeV, |Ms| = 2|M;| = 0.1 TeV, |M3| =1 TeV,
¢, =07, Dy, =0°, P10 =0, (4.6)

— 11 —
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Figure 6. Allowed region at the 1-o (blue) and 2-o (blue+red) level in the | Ay, | and || plane, see
eq. (1.3), for &3 = 0° (upper-left), 90° (upper-right), 180° (lower-left), and 270° (lower-right). We
have taken ® 4, = 180°. The unshaded regions are not theoretically allowed and My, < 100GeV
in the over-shaded regions (yellow). See eq. (4.6) for other parameters chosen.

while varying
Dy, P35 1< |pl/TeV <12, 1< |Ap|/TeV <50. (4.7)

where |Ay;| = |Ay| = |A-| and we have taken A, = A;. Note |A;| is fixed in this scenario
and the results are almost independent of ®1 .

Figure 6 shows the regions where (a,)susy = 30.2 £ 8.8 (blue) and (a,)susy =
30.2£17.6 (blue+red) in the | Ay, | and |p| plane for several values of ®3, taking ® 4, = 180°.
The unshaded regions are not theoretically allowed and we have My, < 100GeV in the
over-shaded regions (yellow), for example, in the upper-left corner in the upper-left frame.
We found that H; is always lighter than 100 GeV when ®3 = 180° (lower-left) because the
resummed threshold corrections modify the bottom-quark Yukawa coupling significantly
in this case. We note the region with larger |Ap,| is more preferred. Figure 7 shows the
dependence on @4, of (a,)susy, d,, and the masses of the lighter stau and the lightest
Higgs boson. In the upper-left frame, the horizontal band is the experimental 1-o region of
AaEXP. We found 150° < @4, < 210° and 4, ~ 140°,220° can make (a,)susy consis-

- 12 —



©,=0°; |A,|=45TeV

©,=0°; |A, |=45TeV
5 70 - 3 I brl — 300 [
O w0 : <y
— 60 i 5 00 - v 0 EXP(lo)
X 50 [ oY () r o
> C [e— C
% 0 E g 100
Lo £  EXP(lo) | § v
C M 0 .
= = 5
~ 20 E = F
10 T am F
0 B
= -200 —
10 = B
_20: _3007\\\\\\\\\\\\\\\\\
0 0 100 200 300
(0]
cDAbT[ ]
®,=0°: |A |=45TeV ®,=0°; |A, |=45TeV
900 - 3 | brl — 120 . 3 bt
3 800 D U0 Tt
S 0 ST T §
E 0
]HHGOO - E E
= 80 =
€ 50 & = B
o |l =10Tev o F
Foso T M= € E
400 Eo~ ’ 60
300 3 50 -
200 ,."]p|:10.5Tev 40 ¢
1(x) :\ L L1 ‘ L1 \‘\-.‘ L L1 L ‘ L L 30 :\ L L L ‘ L1 L L ‘ L L L1 ‘ L L
0 100 200 300 0 100 200 300
(o] (0]
cDAbr [ ] q)Abr [ ]

Figure 7. Dependence on @4, of (a,)susy (upper-left), d,, (upper-right), and the masses of the
lighter stau (lower-left) and H; (lower-right) for three values of p: 5TeV (solid), 10 TeV (dashed),
and 10.5 TeV (dashed-dotted). We have taken ®3 = 0° and |A,| = 45 TeV. See eq. (4.6) for other
parameters chosen.

tent with the experimental value for || = 10 TeV and 10.5 TeV, respectively. In the upper-
right frame, the 1-o region is overlayed with blank boxes along the dashed (|| = 10TeV)
and dash-dotted (Ju| = 10.5TeV) lines. We have |d,| x 10?* < 120ecm and d,, x 10?4 ~
+250 e cm for || = 10 TeV and 10.5 TeV, respectively. We observe that the larger || results
in the lighter staus as shown in the lower-left frame. This leads to a larger (au) susy as the
dominant contribution in this case comes from the Higgs-mediated stau Barr-Zee graphs,
as will be shown later. When |u| = 5TeV, H; becomes lighter than 100 GeV for ®4, < 80°
and 2 280°, as shown in the lower-right frame. When |u| > 10 TeV, My, = 108 GeV.
Figure 8 shows the dependence of (a,)susy on |u| (upper-left) and |Ay,| (upper-right)
for several values of |Ap,| and |u|, respectively, taking ®4, = 180° and ®3 = 0°. In the
lower frames we also show the dependence of the mass of the lighter stau 71. Again we ob-
serve that large |u| and |Ap, | can easily make (a,)susy consistent with the current AaEXP.
Figure 9 shows various constituent as well as the total two-loop Barr-Zee contributions to
the muon MDM (a, )% gy, as functions of |u| taking |Ap,| = 40 TeV, @4, = 180° and
®3 = 0°. The thick line is for the total and the thin lines are for the constituent eight
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Figure 8. Dependence of (a,)susy on |u| (upper-left) and |Ay-| (upper-right) for several values
of |Apr| and ||, respectively, taking @4, = 180° and ®3 = 0°. The regions of |u| and |Ap,| are
constrained by applying the experimental limit on the lightest stau mass as shown below. The lines
are the same as in the upper frames. See eq. (4.6) for other parameters chosen.

contributions (see figure 2). For smaller |u|, the dominant contribution comes from the
charged Higgs boson loop. This is because the H;-HT-H~ couplings have loop-induced
enhancement from large |Ap| and |p| [51]. The possibility of such a significant contribution
of the (photon-)Barr-Zee diagram with a (closed) charged Higgs boson loop has apparently
not been noticed before. In fact, the particular diagram is typically not included in analyses
at more or less the same level of numerical precision to ours presented here. As |u| grows,
however, the contribution from the stau loops is enhanced and thus becomes dominant.
The contribution from the sbottom loop is not significant because the resummed threshold
corrections suppress the bottom-quark Yukawa coupling for the chosen parameter set.
The scenario likely seems too contrived to some readers. However, we are presenting it
here mainly to illustrate the significant roles of the various two-loop Barr-Zee contributions
in some region of the parameter space. While the dominance of the latter group reduces as
one moves away from the extreme corner of the parameter space, its significance maintains
over a substantial region. For instance, we show the dependence of (a,)susy on M T
and |u| in figure 10, i.e. the effect of bringing back the smuon mass from the heavy limit. In
particular, the Higgs-mediated two-loop Barr-Zee contributions are shown to be actually
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Figure 9. The Barr-Zee contributions to (a,)susy, (a,)5ygy, as functions of |u| taking |Ap.| =
40TeV, ® 4, = 180° and ®3 = 0°. Also shown are the constituent contribution from the eight
types of diagrams. See eq. (4.6) for other parameters chosen.

dominate over the one-loop contributions even when the smuon mass parameters get down
to as low as 1 TeV (left), for the full range of |u| values (right).

Before closing this section, we comment on the relation between the muon and electron
EDMs. The most important one-loop contribution (d;)X and that from the two-loop (d;)
have somewhat different features. The Barr-Zee diagrams for the muon and the electron
are identical except for the muon and the electron lines themselves. Hence, we have the
robust relation

(de)™ = (me/my,) (du)H : (4.8)
For the case of (d;)X, however, it is sensitive to the flavor dependence of the soft SUSY
breaking terms. In most of the models on the origin of the soft SUSY breaking terms avail-
able in the literature, those of the first two generations are more or less the same. Explicitly,

M ~ Mg, Mg ~ Mg, Ao~ Ay,

That does give us a relation

(de)* ~ (me/my) ()X, (4.9)
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Figure 10. Dependence of (a,)susy on My, 5, (left) and |u| (right) for fixed values of [u] and
Mj, f,- The thick line is for the total and the thin solid (black), dashed (red), and dash-dotted
(blue) lines are for the constituent contributions from the one-loop chargino, one-loop neutralino,
and Higgs-mediated two-loop Barr-Zee diagrams. See eq. (4.6) for other parameters chosen.

which is particularly sensitive to the CP phases of the A, and A, parameters. To summa-
rize, one may consider special cases with (¢) similar or universal soft terms (for electron and
muon) or (i7) electron EDM dominated by the two-loop Barr-Zee graphs, d, ~ (d.), pos-
sibly due to much heavier selectron masses. Depending on situations, d,, ~ (d,)X + (d,)?
or (dH)H is very strongly constrained by the Thallium EDM as

(i) |du) <3x107%ecm (i) |(d)?] <3 x10"* ecm, (4.10)

where we used m./m,, = 1/213, d1) ~ —585 - d. and |dr| < 9 x 107 ecm [38]. Note that
these limits are model dependent and the muon EDM should be measured independently
of the Thallium EDM.

5 Conclusions

We have studied in detail various supersymmetric contributions to muon MDM and EDM,
including one-loop chargino and neutralino diagrams and dominant two-loop Barr-Zee di-
agrams. In general, the one-loop contributions dominate over the two-loop contributions,
however there are interesting regions of the model parameter space where the two-loop
Barr-Zee diagrams are the major source of contributions to muon MDM and/or EDM.
The model parameter space is huge. It is not feasible for us to present and discuss here
the numerical results for more than a few cases of interest. We try to pick cases that can
illustrate the essential and interesting features, and leave it mostly to the readers to project
onto the parameter space regions in between, or considered otherwise to be of special in-
terest. We illustrate numerically 3 scenarios under various choices of soft parameters: (i)
the one when the one-loop contributions dominate, (ii) the CPX in which the Barr-Zee
dominates but the overall sizes of MDM and EDM are small, and (iii) a more exotic one in
which the Barr-Zee dominates and the overall sizes of MDM and EDM are large. We have
also shown interesting relations between the MDM and EDM. For the case when one-loop
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contributions dominate the MDM and EDM are just, respectively, the (shifted) cosines and
sines of the phase of the parameters involved. Existing experimentally preferred range of
MDM already predicts an interesting range of EDM, which can be further tested in the
future muon EDM experiments. For the case the MDM is dominated by two-loop Barr-Zee
contributions the MDM and EDM can be connected by the relation in eq. (3.7) — a result
of the more complicated Higgs sector phase structure.

The CPX scenario may still allow a light Higgs boson after taking into account all the
existing search limits. Potentially, the light Higgs boson could give large enhancement to
muon MDM. However, after imposing the lower limit on My, the resulting MDM is always
less than 5 x 10719, which is smaller than the experimentally favored value.

The last scenario associated with large tan 3, large |u|, heavy smuons and muon sneu-
trinos, and large |Ap;| but light charged Higgs boson and stau is rather interesting. It
suppresses the one-loop contributions but the two-loop contributions are large enough to
explain the muon MDM data, which are dominated by charged Higgs boson and stau at
smaller and larger |u|, respectively. For large enough |u| the MDM data can be accom-
modated easily. The particular interesting role of the charged Higgs boson escaped earlier
studies. We have also illustrated that major features of the scenario persist over a region of
the parameter space with milder conditions — in particular, more ‘regular’ smuon masses.

In addition, we offer the following comments.

1. We have included the threshold corrections to Yukawa couplings. In particular, the
bottom-quark Yukawa can receive large corrections at large tan  with large |M3| and
|| For tan 3 = 30 the threshold corrections can make the b-quark Yukawa coupling
turn non-perturbative when Mg (or |u|) is sufficiently large.

2. The one-loop contributions to MDM and EDM can vary as shifted cosines and sines
of the phase of the parameters.

3. As shown in figure 4, the prediction for EDM is of order 500 x 10724 ¢ cm within the
allowed range of MDM. It is about 2 — 3 orders of magnitude below the current limit,
but will be within reach of future muon EDM experiments [41].

4. The CPX scenario may still allow a H; as light as a few to tens of GeVs. It could be
searched in the subsequent decay of the Ho — HyH;, where Hs is the SM-like Higgs
boson. The contribution of Hy to the muon EDM has a right sign but it may not be

EXP
"

large enough to accommodate Aa after taking account of the constraint from the

bottomonium decay Y (15) — vH;.

5. The last scenario that we studied is characterized by a very light stau, a light bino
and wino, a light My, , and a light charged Higgs boson. The predicted EDM is from
0 to 100 x 10~2* ecm. Experimental searches for this scenario at the LHC will be a
lot of tau leptons in the final state because of lightness of stau.

6. The parameter space compatible with the AaEXP

value required is generally extended
by allowing CP phases. For example, in figure 4: the CP-conserving cases (®o = 0°
and 180°) are excluded.
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A CPsuperH interface

e Qutput: For output, part of auxiliary array RAUX_H is used.

— The muon EDM in units of em:
RAUXH(360) = dy /e = (d, /)X + (du/e)¥ + (du/e) + (dufe)”, (A1)
where the sub-contributions are

RAUX H(361) = (d, /)X, RAUX.H(362) = (d,/e)"’
RAUX.H(363) = (d,/e)?,  RAUX.H(364) = (d,/e).

— The muon MDM:

,..i ,.0 ~
RAUX_H(380) = (a,,) susy = (a) Susy + (@u) Susy + (@) busy +(a) Susy » (A.2)

where the sub-contributions are

)20

RAUX H(381) ::(au)étsy'a RAUXH(382) = (au)§ysy
RAUX_H(383) = (a,)%ygy, RAUXH(384) = (a,) gy -

e IFLAGH(19)=1 is used to print out EDM/MDM of the muon. Using run shell-script
file distributed, the sample out obtained is

d"Emu/e[Totall: 0.1288E-23
d"E.mu/e[C,N,G1,H]: 0.0000E+00 -.6035E-24 0.0000E+00 0.1891E-23

amul[Total]: 0.1805E-09
amul[C,N,Gl,H]: O0.1396E-09 0.2871E-10 0.0000E+00 0.1218E-10
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