PHYSICAL REVIEW D 94, 015032 (2016)
Leptonic g — 2 moments, CP phases, and the Higgs boson mass constraint
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Higgs boson mass measurement at ~125 GeV points to a high scale for supersymmetry (SUSY)
specifically the scalar masses. If all the scalars are heavy, the supersymmetric contribution to the leptonic
g — 2 moments will be significantly reduced. On the other hand, the Brookhaven experiment indicates a
~3¢ deviation from the standard model prediction. Here we analyze the leptonic ¢ — 2 moments in an
extended minimal supersymmetric standard model (MSSM) with inclusion of a vectorlike leptonic
generation which brings in new sources of CP violation. In this work we consider the contributions to the
leptonic g —2 moments arising from the exchange of charginos and neutralinos, sleptons and mirror
sleptons, and from the exchange of W and Z bosons and of leptons and mirror leptons. We focus
specifically on the g — 2 moments for the muon and the electron where sensitive measurements exist. Here
it is shown that one can get consistency with the current data on g —2 under the Higgs boson mass
constraint. Dependence of the moments on CP phases from the extended sector are analyzed and it is
shown that they are sensitively dependent on the phases from the new sector. It is shown that the corrections
to the leptonic moments arising from the extended MSSM sector will be nonvanishing even if the SUSY

scale extends into the PeV region.
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I. INTRODUCTION

The observation by ATLAS [1] and by CMS [2] of the
Higgs boson with a mass of ~125 GeV has put very
stringent constraints on low scale supersymmetry. Since the
tree level mass of the Higgs boson lies below M, a large
loop correction from the supersymmetric sector is needed
which in turn implies a high scale for the weak scale
supersymmetry and specifically for the scalar masses. A
large supersymmetry (SUSY) scale also has direct impli-
cations for the g, —2 of the muon. Thus the current
experimental result gives for the muon g — 2 [3]

Aa, = a;® —aM = (262 £8.5) x 10710, (1)

which is about a three sigma deviation from the standard
model prediction. Similarly for the electron the experimental
determination of g, — 2 is very accurate and the uncertainty
is rather small, i.e., one has [4]

Aa, = a® —aS™M = —10.5(8.1) x 10713, (2)

This resultrelies on a QED calculation up to four loops. Thus
along with Eq. (1), Eq. (2) also acts as a constraint on the
standard model extensions. Supersymmetric theories with
low weak scale mass can make corrections to g, — 2 which
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could be as large as the standard model electroweak
corrections and even larger and have strong CP phase
dependence [5-7] (for early work see [8]). These arise
largely from the chargino and sneutrino exchange diagram
with the neutralino and smuon exchange diagram making a
relatively small contribution. However, if the scalar masses
are large, the supersymmetric exchange contributions will
be small due to the largeness of the sneutrino and the smuon
masses.

In this work we give an analysis of the g — 2 for the muon
and for the electron in an extended minimal supersymmetric
standard model (MSSM) with a vectorlike leptonic gener-
ation. We note that vectorlike multiplets are anomaly free
and they appear in a variety of settings which include grand
unified models, strings and D brane models [9—13]. Further,
it is known that g — 2 has a sharp dependence on CP phases
[5-7]. For this reason we investigate also the dependence of
the muon and the electron g — 2 on the CP phases in the
extended MSSM model. Here we are particularly interested
in the dependence on the CP phases that arise from the new
sector involving vectorlike leptons. We note that the CP
phases are constrained in this case by the electric dipole
moment of the electron which currently has the value |d,| <
8.7 x 1072° ecm [14] while the upper limit on the muon
electric dipole moment (EDM) is |d,| < 1.9 x 107" ecm
[3] and is rather weak. As discussed in several works even
with large phases the EDMs can be suppressed either by
mass suppression [15,16] or via the cancellation mechanism
[17-21]. Several analyses of the vectorlike extensions of
MSSM already exist in the literature [22-33].

© 2016 American Physical Society
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The outline of the rest of the paper is as follows:
In Sec. II we give an analytical computation for the
contribution of the vectorlike lepton generation to g — 2
of the muon and of the electron. In Sec. III we give a
numerical analysis of the contributions arising from MSSM
and from the extended MSSM with a vectorlike leptonic
generation. Conclusions are given in Sec. I'V. Details of the
extended MSSM model with a vectorlike leptonic gener-
ation are given in the Appendix. The explanation of the
muon anomaly with vectorlike leptons was considered
previously in [31] within a nonsupersymmetric framework.
Our analysis is within a supersymmetric framework where
we carry out a simultaneous fit to both the muon as well as
the electron anomaly. Further, we explore the implications
of the CP phases arising from the new sector.

II. ANALYSIS OF g, —2 AND g, — 2 WITH
EXCHANGE OF VECTORLIKE LEPTONS

The extended MSSM with a vectorlike leptonic gener-
ation is discussed in detail in the Appendix. Using the
formalism described there we compute the contribution to
the anomalous magnetic moment of a charged lepton 7,,.
We discuss now in detail the various contributions. The
contribution arising from the exchange of the charginos,
sneutrinos and mirror sneutrinos as shown in the left
diagram of Fig. 1 is given by
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where m,,- is the mass of chargino ;" and m;_ is the mass of
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sneutrino v; and where the form factors 3 and F, are given
by

F3(x) = Bx?—dx+1-2x*Inx|, (4)
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FIG. 1. The diagrams that contribute to the leptonic (z,)
magnetic dipole moment via exchange of charginos (y;),
sneutrinos and mirror sneutrinos (7;) (left diagram) inside the
loop and from the exchange of neutralinos (;(9), sleptons and
mirror sleptons (7;) (right diagram) inside the loop.
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[2x +3x> —6x + 1 —6x>Inx]. (5)

1
(x—1)*
The couplings appearing in Eq. (3) are given by

C{;z] = ( KTUTZD‘I[Q*la Nlij

— KU} Digge D5

* Tk 34
+ UilDR2aD4j

% TYyx TV
— kUi D3 Ds;
* YyT* Y
— k4 U} Dis, Dy
* YTk YW
—kyUp Dy D)), (6)

CR, = = g(—x, VD7, D5 — K, ViaD75,D6 Dt

— &, VoD, Dsj + Vi D7 DY + VilDTL*Bang

= K,V D75,Dlo; + Vit D, DY

— kgVi D5, DY), (7)
where D} p and D" are the charged lepton and sneutrino
diagonalizing matrices and are defined by Eqs. (A13)

and (A23) and U and V are the matrices that diagonalize
the chargino mass matrix M. so that [34]

U*M vyl —dlag( im i) (8)
Further,

(va Mme, my, Mg, m4f)

V2my, cos

.9

(KN’KT’K[U KevK4f) =

(mEv muy mz/,p mvgv mv4)

\/me sin

. (10)

(KE’ Ky,v Kl/ﬂ ’ Kue ’ KU4) =

where my is the mass of the W boson and tanf =
(H3)/(H}) where H,, H, are the two Higgs doublets
of MSSM.

The contribution arising from the exchange of
neutralinos, charged sleptons and charged mirror
sleptons as shown in the right diagram of Fig. 1 is

given by

10 m m2
_ Ta /L R
- z Z 1671’2711 o Re(caljc/alj) (m )
i=1 j=1 Xi 2

4 10 2 mz

ms, .
#3231 +ICEPIP: ().
i=1 j=1 e
1

(11)

where the form factors are

(x—11)3 [1—x? + 2xInx], (12)
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and

[-x} +6x* —=3x—2—6xInx]. (13)

1
(x—1)*
The couplings that enter in Eq. (11) are given by
C:szJ = \/E(an‘Dfe*la ~§

+ EiDira Dl + 0D D5 = 7D, D5
+ aeine*Ala f 761D;?1(1D8/ + a4f1DR5aD9J
- 74fiD7e*5aD10j)v (14)
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T
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Tk YT
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5 19T
= 6,iD13,Ds;
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where
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O{E,' — 27. s
myy, sin 8
Pei = eX|, + J_x1. l—sin26? (16)
Ei " cos Oy~ 21\ 2 v
‘2
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and
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gmeXs; gy X
=Lt p= L O 18
Gei 2myy, cos f3 daci 2my cos fB (18)
- __gmXsi K- __9mXsi
o 2my cosf’ H 2my cosfB’
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and where
:Bri = ﬁ/u' = ﬁei = :B4fi
g I .
= —eX'* X —=+4sin20y ), (20
¢ 1‘dl_cosé?w 2’< 2_1_1 W> (20)
. gsin®Oy
Yei = Vui = Vei = Yari = —€X; +mxzi- (21)
Here X' are defined by
X/li :Xli COSQW—f—XZi Singw, (22)
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FIG. 2. The W loop (the left diagram) involving the exchange
of sequential and vectorlike neutrinos y; and the Z loop (the right
diagram) involving the exchange of sequential and vectorlike
charged leptons 7, that contribute to the magnetic dipole moment
of the charged lepton z,.

X/Zi = —X”Sinew +X2i COS QW’ (23)
where X diagonalizes the neutralino mass matrix, i.e.,

XTM X = dlag(m 0 mlo, m){o, mxo) (24)
Further, D that enter in Egs. (14) and (15) is a matrix
which diagonalizes the charged slepton mass squared
matrix and is defined in Eq. (A19).

Next we compute the contribution from the exchange of
the W and Z bosons. Thus the exchange of the W and the
exchange of neutrinos and mirror neutrinos as shown in the
left diagram of Fig. 2 gives

5 mz.
= oy > IICH P + ICH P (—)
1:1 my
m,, . m2_
+""Re<czv,-,,c%:;>Gw( ) (25)
Tq myy,

where the form factors are given by

1
Fy(x) = 1) [4x* —49x3 + 18x° Inx
+78x% — 43x + 10], (26)
and
1
Gy(x) = 1) [4—15x+ 12x* = x> = 6x2Inx]. (27)

The couplings that enter in Eq. (25) are given by

g * *
C‘L}‘;, \/E[DZIZDZIQ +DL3zDz3a +DL41D£4a +Dll/,5tD25a]
(28)
W =9 pw pr ] (29)
Ry, — 5 R2i™~ R2al"

015032-3



ABOUBRAHIM, IBRAHIM, and NATH

Here D7 j are matrices of a biunitary transformation that
diagonalizes the neutrino mass matrix and are defined
in Eq. (A9).

Finally the exchange of the Z and the exchange of
leptons and mirror leptons as shown in the right diagram of
Fig. 2 gives

m: S m?2
z _ M, z 2 z 12 s
az, = 3222m2 ﬂZlHCL/}a| + | Cpal ]Fz<m%>

"4 Re(C?, €% )G iz 30
+m—rae(LﬂaRpa)zm—%a (30)
where
Fz(.x) = m [—5X4 + 14x3 - 39.x2
+ 182 Inx + 38x — 8], (31)
and
2 3
Gz(x) = ——5 [ +3x—6xlnx-4], (32)
(x—1)
TABLE L.

of the muon for two illustrative benchmark points (a) and (b). They are: (a) my = 5, my, = 450, |f}| = 0.62,
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and m is the Z boson mass. The couplings that enter in
Eq. (30) are given by
7 g

— T + T
Loy — cos GW [x(DZ(llDZIﬂ + D2112D22ﬂ + DZ!BDZBW

" . 1 :
T T T T 7 T
+ DuDiap + DposDiss) — 3 (DL Dirg
+ Dp3Dj 5 + D1 Dy + D1 sDi sl (33)
and

z __ 9
R = cos Oy

[X(D;?T(ZID;H/J + D;Taszezﬁ + D?{ﬁD;Bﬁ
T T T 1 T T
+ Dga4D§€4ﬂ + D;MSDRS/}) ) (DEXZDRZH)}' (34)

III. ESTIMATES OF Aaq, AND Aq,

We begin by discussing the prediction for Aa, and Aa,
for MSSM when the scalar masses are large lying in the
several TeV region. In Tables I and II we exhibit the results
for two benchmark points where we assume universality

The contribution of the vectorlike multiplet vs the contribution from the MSSM sector to the anomalous magnetic moments

7] = 6.62 x 1073,

£4] = 20, |hg| = 230, |hg] = 730 and (b) my = 200, my, = 250, |f4] = 0.73, |f4] = 5.23 x 1073, |f}] = 30, || = 66, |s] = 180.
Other parameters have the values tan 8 = 15, my = m¥ = 5000, |Aj| = |Ao| = 6000, |m,| = 224, |m,| = 407, |u| = 2124, my = 320,
My = 350, myp = 124.66, |f3] = 1 x 1074, [fa] = 1x 1075, |£1] =38, |[fs| = 1x 10, |f4] = 5.0 x 10-*, |2 = 3.0 x 102,
lhil =34 ap, =7 ay =m &=L =0, =3 =5 =)5 =Xa = X4 = X4 =Xs =X5 = X5 = X6 =7 =23 = 0. All masses are

in GeV and phases in rad.

@ (b)

Contribution MSSM Vectorlike MSSM Vectorlike
Chargino a;(ﬂi +1.68 x 10711 +1.07 x 107" +1.68 x 107! —-8.54 x 107!
Neutralino ajﬂo -3.09 x 10713 —1.50 x 10712 -3.09 x 10713 —-6.58 x 10713
W boson a 0 +1.53 x 107° 0 +2.56 x 107?
Z boson ak 0 +5.12x 10710 0 +8.76 x 10710
Total Aa, +1.65 x 107! +2.05 x 107° +1.65 x 107! +3.35x 107°
TABLEIIL. The contribution of the vectorlike multiplet vs the contribution from the MSSM sector to the anomalous magnetic moments

of the electron for two illustrative benchmark points (a) and (b) as given in Table I.

(a) (b)
Contribution MSSM Vectorlike MSSM Vectorlike
Chargino a +3.92 x 10710 —2.88 x 10710 +3.92 x 10710 —6.31x 1071
Neutralino o —7.25x 10718 —1.69 x 10710 —7.25 % 10718 -3.12x 10777
W boson a¥ 0 +1.99 x 10713 0 +1.71 x 10713
Z boson aZz 0 +5.89 x 10714 0 +5.11 x 10714
Total Aa, +3.85 x 1071¢ +2.58 x 10713 +3.85 x 1071° +2.16 x 10713
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and take the scalar masses and the trilinear couplings to be
all equal. Table I exhibits the result of the computation for
Aa, where individual contributions arising from the char-
gino exchange, neutralino exchange, W exchange and Z
exchange are listed. The entries exhibit the contributions
over and above what one expects from the standard model
and so the entries for the W and Z exchanges show a null
value. Thus the entire contribution in this case arises from
the chargino and the neutralino exchange and their sum
gives a value O(10~!") which is 2 orders of magnitude
smaller than the experimental result of Eq. (1). A very
similar analysis is given in Table II for Aa, where again the
contribution to Aa, arises from the exchange of charginos
and neutralinos and their sum is O(1071¢) which is 3 orders
of magnitude smaller than the result of Eq. (2). Thus with a
high scale of the scalar masses one cannot explain the
results of Egs. (1) and (2).

We turn now to the analysis within the extended MSSM
with a vectorlike leptonic generation. As in the analysis
within MSSM here also we assume the universality of the
soft parameters so that we set m3 = M%L = ]\N/I% = M% =
B2 = Wy = B = B, = B = B3, = B and A =
A, =Ap=A,=A,=A, in the computation of the
charged slepton mass squared matrix. Similarly we assume
i = Wy = B2, = M2, = B2, = B3, = W12 and A,, =
A, =4, =Ay =4y = Al for the computation of the
sneutrino mass squared matrix (see the Appendix). The
contributions from the chargino exchange, the neutralino
exchange, and the W and Z exchange are listed in Tables I
and II for two benchmark points. In this case the W
boson and the Z boson exchange contributions are non-
vanishing and the contributions listed are those over and
above what one expects in the standard model. As in the
MSSM case here also one finds that the contributions from
the chargino exchange and from the neutralino exchange
fall significantly below the experimental results of Egs. (1)
and (2). However, in this case including the contributions
from the W exchange and from the Z boson exchange one
finds that consistency with Eqgs. (1) and (2) is achieved. At
the same time one has the Higgs boson mass in the model
for both benchmarks (a) and (b) at ~125 GeV consistent
with the experimental measurements by ATLAS [1] and
by CMS [2]. Here the loop correction that gives mass to
the Higgs boson comes from the MSSM sector while the
extra vectorlike leptonic generation makes a negligible
contribution.

In the analysis of Aa, and Aa, the exchange of both the
sequential leptons and the mirrors play a role with the
mirror exchange being the more dominant. The analysis
requires diagonalization of a 5 x5 mass matrix in the
charged lepton-charged mirror lepton sector and diagonal-
ization of a 5x 5 mass matrix in the neutrino-mirror
neutrino sector. Parameter choices are made to ensure that
the eigenvalues in the charged lepton sector give the desired

PHYSICAL REVIEW D 94, 015032 (2016)

TABLE III. The mass of the heavy particles obtained after
diagonalizing the lepton and neutrino mass matrices for bench-
mark points (a) and (b) of Table L.

Mass spectrum (GeV)

Particles (a) (b)
Mirror neutrino 208 207
Fourth sequential neutrino 816 395
Mirror lepton 253 349
Fourth sequential lepton 545 226

experimental values for e, u and 7 along with two additional
masses, one for the sequential fourth generation lepton and
the other for the mirror charged lepton. Their values are
listed in Table III for the case of two benchmark points (a)
and (b). A similar analysis holds for the neutrino-mirror
neutrino sector where we get two additional eigenvalues,
one for the fourth generation neutrino and the other for
the mirror neutrino. Their values are also listed in Table 111
for two benchmark points. The analysis also requires
diagonalization of a 10 x 10 matrix in the charged slepton
and charged mirror slepton sector, as well as diagonaliza-
tion of a 10 x 10 matrix in the sneutrino and the mirror
sneutrino sector.

We discuss now some further features of the analysis
which includes the vectorlike leptonic generation. In Fig. 3
we show the variation of Aa, as a function of my the mass
of the mirror lepton as given by Eq. (Al1), for four tan
values. A remarkable feature of this graph is the dependence
on tan it exhibits. Notice that for a fixed mg, Aa, decreases

x10"
18 —o
tan 3 = 30
16 ;\ - -tang =35
141 B
@1 B Ky
<1" 12+ B
=
Z : ]
at = g
2t ________________ :
1 15 2 25 é 3.5 Y 4;'5-'7- 5
mp x 102 (GeV)
FIG.3. Aa, asafunctionof m; whentanf=20, 25, 30, 35. Other
parameters are my=mf=5000, |Aj|=|A,|=6000, |m,|=224,
|my| =407, |u|=2124, my,=250, my=300, m,,=350,
myp=124.66, |f3]=1x107%, |f}|=8.18, |f4]|=4.32x1072,

[fal=1x1073, |fi[=3.61, [f}|=3.85, |fs|=1x107", |f}|=
501074, |f2]=3.0x10"%, |he|=10, |hs|=19, |hg|=10,
s, =7, g =m §=6=0, =3 =)3=x5=Xa=X4=X1=X5=
Xs=x{=xe=x7=xs=0. All masses are in GeV and phases
in rad.
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— )= -3.1drad
25}

-=x) = ~2.1d rad
Xh = +0.36 rad

- = Xh = +2.26 rad

N

Electron AMM, Aa,

&

X3 (rad)

FIG. 4. Aaq, (left panel) and Aa, (right panel) as a function of y} in the range [z, +7] when y, = —3.14, =2.14, 4-0.36, 4-2.26. Other

parameters are tanf = 15, my = m} = 5000,

AD| = |Ag| = 6000,

my| = 224,

m2| = 407,

ul =2124, my =5, my = 350,

mp =320, my, =450, mu = 124.66, |f3| =1x 1074, |f4] = 0.62, |f5] =6.62x 1073, |f4| =1x 107>, |f4] =20, |f4] =38,
Ifs| =1x 107, |f5]=5.0x107*, |f4|=3.0x107%, |hg| =230, |hy|=34, |hs|=730, a, =m, ayp =1, S =& =0,=)x3=
X3 =xa=Xi=xs=xs=x{=xs=x7=xs=0. All masses are in GeV and phases in rad.

for increasing values of tan § as tan f varies from 20 to 35.
Now we recall that the Yukawa coupling of a charged lepton
has a 1/cosf dependence and as a consequence the
contribution of the charged lepton to Aa, becomes larger
for larger tan # which is a well-known result. However, the
Yukawa coupling of the mirror lepton goes like 1/ sin f [9]
and so Aa,, decreases for larger values of tan /3. This feature
explains the tan # dependence in Fig. 3. It also shows that the
W and Z exchange contributions in this case are being
controlled by exchange of the mirror particles. A very similar
dependence on tan f is exhibited by Aa,.

The anomalous magnetic moments are quite sensitive to
CP phases as first demonstrated in the analysis of [5—7] for
the case of CP phases that arise in N = 1 supergravity [5,7]
and more generally for the case of MSSM [6]. In those

Muon AMM, Aa,
s

—[fi] = 20 GeV
---1fil =25 Gev

£
- - |fi] = 35 GeV'

Xo (rad)

analyses it was also found that large CP phases could be
made consistent with the experimental constraints on the
EDMs by the cancellation mechanism [17-21]. In the
present analysis the contribution from the MSSM sector
is suppressed and the dominant contribution arises from the
W and Z exchanges. For the case of three generations this
sector does not have any CP phases in the leptonic sector.
However, the extended MSSM with a vectorlike leptonic
multiplet allows for CP phases which cannot be removed
by field redefinitions. It is of interest then to discuss the
dependence of Aa, and Aa, on the CP phases that arise in
the extended MSSM. We discuss now the dependence of
Aa, and Aa, on such phases. In Fig. 4 we exhibit the
dependence of Aa, and Aa, on x5, which is the phase of f7
(see the Appendix). A sharp dependence on y3’ is seen for

2.35

Electron AMM, Aa,
N
w

N
N
o

— |fi] = 20 GeV
- 1fi =25 GeV

[£4] = 30 GeV
<= [fi] = 35 GeV

2 3

N
o

= 2 - 0
Xo (rad)

FIG. 5. Aa, (left panel) and Aa, (right panel) as a function of y4 in the range [~z,+7] when |f7,|=20, 25, 30, 35. Other parameters
are tanf=15, mo=m=5000, |AZ|=|Ao|=6000, |m,|=224, |my|=407, |u|=2124, my=5, m,=350, my=320, my,=450,

mp=124.66, |f3|=1x10"4, |f}]=0.627,
If2]=3.0x1076, |he|=230, |h;|=34,

£ =6.605x 1072,
hg| =730, ay, =, ay =1, &=6=0,=3s=ya=xs=x5=xs=0, y3=2.96, yi=-1.54,

fal=1x1073, |f1]=38, |fs|=1x1074, |f4|=5.0x1074,

11 =2.86, yi=1.46, y;=-2.94, y3=0.6. All masses are in GeV and phases in rad.

015032-6



LEPTONIC g —2 MOMENTS, CP PHASES, AND THE ...

45

o
o IN
T T

Muon AMM, Aa,,

w
T

25 b

Electron AMM, Aa,

— iy = 100 GeV
- = =my = 150 GeV
my = 200 GeV

- = my = 250 GeV

50

200 250 300 350 400 450
Ih| (GeV)

. .
100 150

500 550

600

PHYSICAL REVIEW D 94, 015032 (2016)

my = 100 GeV
- =my = 150 GeV
coomy = 200 GeV
== my = 250 GeV
24
23t
22t
21 p°
5L
190
18}
1.7 b
16 £ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ L

‘
150 200 250 300 350 400 450 500 550
lhe| (GeV)

50 100

FIG. 6. Aa, (left panel) and Aa, (right panel) as a function of || when my = 100, 150, 200, 250. Other parameters are tan § = 15,
my = mh = 5000, |A5| = |Ao| = 6000, |m,| =224, |m,| =407, |u| = 2124, m,4 =350, mp = 320, my, =250, m, = 124.66,
If3] =1x1075, [f4] =073, [f5]=523%x1073, |f4| =1x1073, |f,] =20, [ =38, |fs|=1x107* |fi]=35.0x107%
|f2] =3.0x 1075, |hy| = 34, |hg| = 180, Ay, =7, Agp =T, Si=b =0, == =xs=4s=x5 =0, y5 =296, y5 = —1.54,
Xy =286, y) = 1.46, ys = 3.06, y7 = —2.94, yg = 0.6. All masses are in GeV and phases in rad.
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FIG. 7. Left panel: Variation of Aa, as a function of |f%| for four values of |i;| when |h;| = 50, 100, 200, 300. Other parameters are
tanf = 15, my = mj = 5000, [A}| = |Ay| = 6000, |m,| =224, |m,| =407, |u|=2124, my =200, m,, =350, my = 320,
myy = 250, myp = 124.66, |f3| =1 x 1075, |f4] = 0.73, |f4] = 1 x 1073, |f4] =20, |f4] =38, |fs| = 1 x 1074, |fL] = 5.0 x 1074,
|f4] = 3.0 x 1075, |hg| = 66, |hg| = 180, ay, =7, ay =7, Si=b=0,=3=pa=xs =45 =45 =0, vy =296, y5 = —1.54,
24 = 2.86, yj = 1.46, x5 = 3.06, y; = =2.94, y3 = 0.6. All masses are in GeV and phases in rad. Right panel: A plot of Aa, as a
function of the common scalar mass 1, exhibiting a residual correction Aa, even when m; lies in the PeV region. The parameters used

in the plot are for benchmark (a) in Table I.

both Aa, and for Aa,. A very similar sensitivity to the CP
phase y¢ which is the phase of &g (see the Appendix) is
exhibited in Fig. 5. To explore further the sensitivity of Aa,,
and of Aa, to parameters in the vectorlike sector we exhibit
in Fig. 6 the dependence of Aa, and Aa, on hs which is the
coefficient of the term ¢; j)?”'li/@ in the superpotential [see
Eq. (A3)]. One can see in Fig. 6 the strong dependence of
Aa, and Aa, on he. In the analyses given so far both Aa,
and Aa, have very significant dependence on the param-
eters arising from inclusion of the vectorlike sector.
However, there are parameters which affect Aa, and
Aa,, differently. This is the case for |f5|. Here as seen in
the left panel of Fig. 7, Aa, is a sensitive function of |f%|

but not so for the case for Aa, (not exhibited) because of its
much larger size. Finally we note that even if the SUSY
scale lies in the PeV region, the contributions from the W
and Z exchange arising from Fig. 2 survive while the
diagrams of Fig. 1 give a vanishingly small contribution.
This is illustrated in the right panel of Fig. 7.

IV. CONCLUSION

The Higgs boson mass measurement at 126 GeV indi-
cates a high SUSY scale, and specifically a high scale for
the scalar masses. If the scalar masses are all heavy, the
contribution to the leptonic moments and specifically to
Aay = ay® — a3M becomes negligible in this case. In this
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work we have investigated leptonic g — 2 moments within
an extended MSSM model with an extra vectorlike gen-
eration and CP phase dependent couplings. It is found that
one can achieve consistency with the experimental mea-
surements of Aa, and Aa, under the constraint of the Higgs
boson mass. The dependence of the moments on CP phases
from the new sector are also investigated and shown to have
a very sensitive dependence. Further, it is shown that Aa,
and Aa, will be nonvanishing even when the SUSY scale
lies in the PeV region. The model presented here can be
made UV complete by including a full generation of
vectorlike matter including both quarks and leptons.
Finally we note that the work presented here has some
overlap with [35] which appeared after this work was
finished. For other recent work on this topic see [36].
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APPENDIX: APPENDIX ON THE EXTENDED
MSSM WITH A VECTORLIKE
LEPTONIC GENERATION

In this Appendix we define the notation for the vector
generation and their properties under SU(3)- x SU(2), x
U(1)y. For the four sequential families we use the notation

vir, 1
iE ~ 1’21__7
vo= ()~ (2=3)

£~ (1,1,1), v ~(1,1,0), (A1)
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where the last entry on the right-hand side of each ~ is the
value of the hypercharge Y defined so that Q = 75 + Y and
we have included in our analysis the singlet field v§, where
i runs from 1-4. For the mirrors we use the notation

EC
CE( ”L>N<1’2’1>,
NS 2

ELN(l,l,—l), NLN(l,l,O)

2 (A2)

The main difference between the leptons and the mirrors is
that while the leptons have V — A type interactions with
SU(2), x U(1)y gauge bosons the mirrors have V + A
type interactions. In the analysis we assume R parity
conservation. All of the neutral scalar fields in the new
sector carry odd R parity and giving them a vacuum
expectation value (VEV) will violate R parity conservation.
For that reason only the Higgs fields are given VEVs.
Further, in MSSM one can make field redefinitions to make
the VEVs of both of the neutral Higgs fields to be real. One
of these can become complex at the loop level leading to
mixing of CP even—CP odd neutral Higgs. The induced
phases are, however, small. An analysis including the CP
even—CP odd Higgs mixing requires a separate treatment
(see, e.g., [33]). We do not include loop induced CP phases
in our analysis. Their effects of the analysis would in any
case be negligible.

We assume that the mirrors of the vectorlike generation
escape acquiring mass at the grand unified theory scale and
remain light down to the electroweak scale where the
superpotential of the model for the lepton part may be
written in the form

W = —pe HyH) + e[ f HVr 25 + [LES 0% + FHZINL + fELOEL + hHygr g + BB 05, + o Hi @5
+ I HéW@LUeL +)’5H1W4Lf4L +y5H2W4LD4L] +f3€lj)(ali/£ +fz€ij)?”1l7,¢ + faSEL +f5yTLNL +f4HLEL

+ f5D ;tLNL + [ e x + f4" e By + f5" 06, Ny + heeyi Wy, + ot B + hei, Ny

(A3)

where "~ implies superfields, y;, stands for y3;, ¥, stands for yr,; and yr,; stands for ;.

The mass terms for the neutrinos, mirror neutrinos, leptons and mirror leptons arise from the term

1w

28A 0A;

A wiv;+He.,

(A4)

where y and A stand for generic two-component fermion and scalar fields. After spontaneous breaking of the electroweak

symmetry, (H!) = v,/v/2 and (H3) = v,/+/2), we have the following set of mass terms written in the 4-component spinor

notation so that

—L, = EfTe<M.f)§L + g (Ms)n, +He.,

(AS)

where the basis vectors in which the mass matrix is written is given by

Ek = (DerNRDu gD RDaR ) €] = Wer NpVyurVervar ). T =

and the mass matrix M, of neutrinos is given by

(tRErtix €g Car) 1y = (t Epurertar). (A6)
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fiv2/V2 /s 0 0 0
—f3 fzvl/\/z —f/3 —f3" —he
M;= 0 1 Ry /2 0 0 : (A7)
0 fs" 0 hyv,/\/2 0
0 hg 0 0 Viv2/V/2

We define the matrix element (22) of the mass matrix as my so that

my :f27)1/\/§- (A8)

The mass matrix is not Hermitian and thus one needs biunitary transformations to diagonalize it. We define the biunitary
transformation so that

l//2’mV/3’ ml//4’m'I/5)'

T .
Dy (M;)D} = diag(m,, .m (A9)
where w1, v, 3, Wy, s are the mass eigenstates for the neutrinos. In the limit of no mixing we identify y; as the light tau
neutrino, y, as the heavier mass mirror eigenstate, /3 as the muon neutrino, y4 as the electron neutrino and 5 as the other

heavy four-sequential generation neutrino. A similar analysis goes to the lepton mass matrix M, where

f1U1/\ﬁ fa 0 0 0
/3 fhva/V2 /3 13" he
M; = 0 14 hyv V2 0 0 : (A10)
0 f4' 0 hzvl/\/§ 0
0 hy 0 0 ysm/V2
[
We introduce now the mass parameter mp for the (22) D?'(M /) D; = diag(mrl, m,, mTB,mmeS), (A13)

element of the mass matrix above so that

mg = fyvs /\/5 (Al1) where 7,, (a.: 1-5) are the mass eigenstates for the charged
lepton matrix.
CP phases that arise from the new sector are defined so that The mass squared matrices of the slepton-mirror slepton
and sneutrino-mirror sneutrino sectors come from three
fi=Ifile i =1f ol sources: the F term, the D term of the potential and the soft
14 ! ’ 1 1 ’

., I . SUSY breaking terms. After spontaneous breaking of the
I =1file% (i=3.4)5) electroweak symmetry the Lagrangian is given by

hy = |hy|ex, k=16,7,8. (A12)

L=Lr~+Lp~+ Lo, Al4
As in the neutrino mass matrix case, the charged slepton P LD F Lot (Al4)
mass matrix is not Hermitian and thus one needs again a
biunitary transformation to diagonalize it. We define the =~ where Ly is deduced from —Lp = F;F;, while the £, is
biunitary transformation so that given by

1 -~ - -~ o~ - -
— 2 2 ~ % So=x ~ &k ~ o~k ~ vk = Sk * * ~ *
—Lp = 5 708 Ow cos2{0x Uy — 7177 + Ul — BLiy, + VerUpy — €8] + ERER — NRNg + Uar Uy, — C41.001}
1 2 o 20 28{0. I ~ ~x ~ o~ ~ o~ = =% ~ o~k ? ;ﬂ*
5 Mmzsn Oy cos PVerly, + TLT] + Vsl + By, + VerVyy, + €18 + Darlyy + Carlar

— ExEy — NxNg + 2E, E} — 2575 — 2fipjiy — 2exely — 2Laxlir ). (A15)

015032-9



ABOUBRAHIM, IBRAHIM, and NATH PHYSICAL REVIEW D 94, 015032 (2016)

For L we assume the following form:

—Loft = MrLl//rLWfL +M ZCI*ZCI + MﬂLWﬂLWﬂL + MeLWeLWeL + Mu Vil + Mu UﬂLUyL + M4LW4L1/751L + M%ﬁiﬁ&
+ M2 50, + METSES + Majish i + M2&§ e + MRELE, + MYN{ N, + M35 65, + e i f 1A H W, 75
- fllAb,HIZ‘/,iLUTL + hlAMHllV]LL:uL - hl]AU”HZZW/];LD;tL + A, HlWeLeL hIZAveHEV?iLEgL + szNHliﬂ?chL
— [YARHYEL + ysAs Hijiry, €4y — Y5As, Hoirh, 95, + Hee.}. (Al6)

We define the scalar mass squared matrix M% in the basis

(%L7ELa%RaER5/}L7ﬁR’EL’ER7£4L7K4R)‘ (A17)

We label the matrix elements of these as (M?) = M%j where the elements of the matrix are given by

.

M%I—MTL+ |f1| —l—|f3|2—m§0052ﬂ(§—s1n29W>,

M?2 M +1)2|f2|2+| 2 2 2 B2 2 2Bsin0
3 = Mk > Jal? + [£3l? + 1417 + |ha]* + m3 cos 2Bsin Oy,
2 ag2 |f1| 2

M33_M7+ + |f4]? = m% cos 2psin’Oy,

MZ _M2+U2|f2|2+| 2 2 2 h 2 P 29
a4 =My 5 £ 1A% + 17517 + |hel* + mZ cos 28 ——sm W

- Zh 2 1

MZ =M, +%+|f’3|2—m%cos2ﬂ<§—sinzew),
y _ o, Vil /12 2 .

Mg = My, +—— + | f4]* — m7 cos 2fsin“Oy,

~ ho |2 1

M%7=M§L+vl| 2 + |4 |2—m%0032ﬁ<5—sin29W>,

M2 _M2+”1|h2| + IR 2 .5
gs = M. fi|* = m7 cos 2fsin*Oyy,

M3 _M |y5| 2 2 l )

5 = 4L+—2 + |hg|* — m7 cos 23 5 —sin Ow |,
M3 = Mj + |;5| + |h|* = m% cos 2Bsin?0y,

M%2:M572U2f5f§+vlf4ﬁ,

V2 V2

My = M3 = /i (01A7 = pvy),

V2

2 Aq2x 2 Ag2% ] £k
Ml4_M41_0’ MIS_MSI_ 3f3’

2 2% __ 2 2% __ LI L£x 2 2% __ 2 2% __
Mi, =Mz =0, My, = M3 = f5f3, Mig = Mg =0, M3, = M35 =0,

1% ! £l 1%
. . . fif vihyf
M5, = M3 = \/ZZ(UZAE_/'”}I)7 M35 = M3 = \/352 + \/54 :
i /%
Mic =My =0, M}, =M%= vafsfi T VN Ve g )
26 62 27 = M7y = V2 \/§ 28 82
. Uafafs | vifif3 X
M3, = M3 = /2 + V2 M3s = M3; =0,
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M3 = Mg; = fuf i,
My = M35 =0, My =My =fufi’,  Mis=M5=0, M =Mg =

sz’zfz* + Ulf’s’@
V2 V2

* hl * * * * *
M%ezMészﬁ(”lAu_/wZ)’ M§7 :M%S = f3f5. Mgs:Més =0, M%7 :M%6:O’

sz’zfﬁt* + 1’1]“3”1k
V2 V2

2 2% __ 2 2% __
M47 _M74 _0’ M48 _M84 -

h*
Mgy = Mgs = fif5", Mig = Mg = 722<1)1A§ — U13)

2 2% p£x 2 2k
M19_M91_f3h6’ M110_M101_0’

o v1ysh; Uzhsf/z*

M%9:M3§— \/-2— \/i ) M%w:M%z:O’
M%() = M% =0, M%m = M%& = f4h§,
. . ”2f/2h§ v1heys
M4219:M34:01 Mzzuon%m: \/§ + \/ES’
M§9 = M%§ = fg*hév M%lo = M%Ss =0,
M%9 = M%é =0, M%lo = M%e = fﬁth;v
M%9 = MS; - fg’*h(,, M%IO - M%& =0,
Mgy = Mgz =0, Mg, = Migs = sh3,
L Y5 \
MG,o = Miso = 7%(”1144/ — pvy). (A18)

We assume that the masses that enter the mass squared matrix for the scalars are all of electroweak size. This mass squared
matrix is Hermitian and can be diagonalized with a unitary transformation,

DT — d; 2 M2 M2 M2 M2 M2 M2 M2 MZ M2
D""M:D* = dlag(M%I,M%Z,M%,Mh,M%S,M%G,M;7,M%8M%9,M%m). (A19)
The mass squared matrix in the sneutrino sector has a similar structure. In the basis

(l/‘rL’NL’ UTR’NR7Z//4L’U;4R7Z/EL’UeR1 U4L’U4R)’ (A20)

the sneutrino mass squared matrix (M%)ij = ml?j has elements given by
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1
= i +2 |f’ [+ |f3]? + 5 m3 cos 25,

m3, = My + |f2|2 5P+ F5 P+ F22 A+ R

’

N v2
m§3:MfT+—2|f’1|2+|f52

’

miy =M |fz|2+|f3|2+|fg\2+|f ?
1
+ |hg|? —Em%COSZﬂ,
2 ’U% 112 /(2 1 2
m3s —M ?\h1| + | f5] +§mzcos2ﬂ,
2 2 1}% 112 /|2
mﬁé_ny _‘h1| +1f5)°
1
m77_M%L+ |h’|2+|f >+ chos2ﬂ
mis = M, + |h’ *+ |£42,
~ U 1
mdy = Mjy +?2 V5I% + | hel? +§m% cos 23,

Mig = M, + |hgl? + 2 |)’5|2
% szsfl _”1f2f§
b

m2, = m¥ =
12 21 \/-2‘ \/5
2 2 i
miy = m3; = E(UZAZ — pvy), m14 = m41 =0,
m%s—mﬁ_féf;’ m16—m61—0
2
m17:m7]* VEVED m18:m81:o
sk
2
m3y = m3; =0, my, = mg = \/E(UlAfv — pv,),
v *f/ h/v f/*
2 2k 1303 1V2J 5
mys = ms; = — +

V2 V2
mi = mg =0,

. v]f*f// h/ vzf//*
m3; = m3z5 = \/25 >+ N

(A21)
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mig = mg; =0 m§4:mﬁ§:U1f§f5_”2f'1f§
’ b
V2 V2
m%s = m% =0, m%ﬁ — m%; _ fo,*
m3; = m3; =0, mig = mg = f5f5"
/ ] /.
wh =i =0 o= iy = 1 DD
2 2
1 1% £11
=y =0,  my=my =25 Sy
V2 V2
/]*
m§6 = mé; (’UzA;” —pvy),

V2

2 2% gl plx _ 20 2%
ms; = mas = f3f75, mss = mss =0, mg=m3 =0,
1%
2 2% 1% 2 2% 2 *
mgg = mgg = f5f5", Mg = Mgy = \/§<”2Ave o),
2 2« % 2 _
mig = mg; = hef3, ml]()_ml()] =0,
A PR fzvlhs Uzhsys ) 0,
Myg = My = \/- N my0 = m102 =
2 2% 2 2% %
m3y = mgj =0, m3y, = mip; = fshg,
/ *
voyshg v hif
2 2k 2 o2 D25l 11gJ 2
myy = myy =0, Myg = Migg = /2 + N
20 2% % 2 2%
msy = mgs = hef%. ms,, = mips =0,
2 2% 2 2% g
mgy = myg = 0, mgio = Mige = f5hg.
20 2% 1% 2
m3zg = mg; = hef3", mz0 = m107 0,
20 2% _ o
mgy = mgg = 0, m810 = m108 = fshg.
y/
2 2% __ 25 *
mg o = mipg = —= (024}, — puvy). (A22)

V2

Again as in the charged lepton sector we assume that all the
masses are of the electroweak size so all the terms enter in
the mass squared matrix. This mass squared matrix can be
diagonalized by the unitary transformation,

D*"MZD* = diag(M2 . M2 M2, M2 M2 M2,
M; M;  M; M3 ). (A23)
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