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The deviation of the measured value of the muon anomalous magnetic moment from the standard
model prediction can be completely explained by mixing of the muon with extra vectorlike leptons,
L and E, near the electroweak scale. This mixing simultaneously contributes to the muon mass. We
show that the correlation between contributions to the muon mass and muon g-2 is controlled by the
mass of the neutrino originating from the doublet L. Positive correlation, simultaneously explaining
both measured values, requires this mass below 200 GeV. The decay rate of the Higgs boson to muon
pairs is modified and, in the region of the parameter space that can explain the muon anomalous
magnetic moment within one standard deviation, it ranges from 0.5 to 24 times the standard model
prediction. In the same scenario, h — v+ can be enhanced or lowered by ~50% from the standard
model prediction. The explanation of the muon g-2 anomaly and predictions for h — =~ are not
correlated since these are controlled by independent parameters. This scenario can be embedded
in a model with three complete vectorlike families featuring gauge coupling unification, sufficiently
stable proton, and the Higgs quartic coupling remaining positive all the way to the grand unification
scale.

PACS numbers:

I. INTRODUCTION

The measured value of the muon anomalous magnetic moment represents one of the largest discrepancies from
predictions of the standard model (SM). There has been a variety of new physics models attempting to explain this
deviation [1]. Most of the effort has been within the frameworks related to the explanation of the hierarchy between
the electroweak (EW) scale and the grand unification (GUT) scale or the Planck scale.

However, we continue to see no signs of new physics related to solving the hierarchy problem at the LHC, and many
well motivated possible explanations of the muon g-2 anomaly are now excluded. This motivates us to step back and
see whether there are other simple ways to explain the anomaly, that are testable at the LHC, but not necessarily
related to the naturalness problem of the electroweak symmetry breaking.

In this paper we show that the deviation of the measured value of the muon anomalous magnetic moment from the
standard model prediction can be completely explained by mixing of the muon with extra vectorlike leptons, L and F,
near the electroweak scale. This mixing simultaneously contributes to the muon mass. We find that the correlation
between contributions to the muon mass and muon g-2 is controlled by the mass of the neutrino originating from the
doublet L, that is given by the vectorlike mass parameter Mj,. Positive correlation, simultaneously explaining both
measured values, requires this parameter to be small, My < 200 GeV. We further discuss implication of this scenario
for Higgs decays, namely h — p+pu~ and h — 77, and provide a UV embedding of this scenario with many attractive
features.

The possibility of explaining the muon g-2 anomaly by mixing of the muon with extra heavy leptons was previously
noticed in Refs. [2, 3]. The mass enhancement originating from the loop involving a heavy lepton is compensated
by a small flavor violating couplings (which originate from the mixing and thus they are suppressed by the mass of
the heavy lepton). Therefore, the new physics contribution to the muon g-2, with new fermions at or below the TeV
scale, can be of the same order as the contributions of the W and Z bosons in the standard model. Similar effect can
be obtained with a Z’ with flavor violating couplings of the muon to a heavier lepton, see for example Ref. [4].

Indeed, in several scenarios with new leptons near the EW scale explored recently in Ref. [3], it was found that the
size of the muon g-2 anomaly is naturally of the same order as the contribution generated by heavy leptons, when
their contribution to the muon mass is comparable to the physical muon mass. However, it was found that a positive
contribution to the muon mass results in a negative contribution to the muon g-2 and vice versa. This was explored
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in the asymptotic limit of taking masses of extra leptons large while keeping the mixing with the muon constant (by
increasing Yukawa couplings). We will show that this anticorrelation only happens in the asymptotic limit due to the
dominance of the Higgs contribution. For smaller masses, it is the W contribution, controlled by My, that dominates.
This reverses the sign of the correlation and a simultaneous explanation of the muon mass and muon g-2 from the
mixing can be achieved, and it is fairly generic for small My.! In addition, an arbitrary correlation can be achieved
in between the small M}, case, dominated by the W loop, and the asymptotic case, dominated by the Higgs loop.

Mixing of the muon with heavy leptons generically leads to a modification of the Higgs coupling to the muon [5] [3].
Thus, the decay rate of the Higgs boson to muon pairs is modified, and in the region of the parameter space that
can explain the muon g-2 within 1o, it ranges from ~0.5 to ~24 times the standard model prediction. A part of the
parameter space is already excluded by the ATLAS search for h — p+pu~, that with 20.7 fb~! collected at 8 TeV sets
the limit 9.8 times the SM prediction [6].

The scenario also allows for a sizable modification of h — 7, since extra charged leptons can appear in loops
mediating this process. This was recently extensively discussed in Refs. [7-10], motivated by the observed rate for
h — ~v at both the ATLAS and CMS experiments being significantly above the SM prediction at some point.
However, with more data collected, the current ATLAS result is 1.65 £ 0.35 times the SM prediction [11], while the
CMS experiment finds 0.78 +0.27 [12]. In the region of the parameter space that can explain the muon g-2 within 1o,
limiting the size of Yukawa couplings to 0.5, motivated by a simple UV embedding, the branching ratio for h — ~y~
can be enhanced by ~15% or lowered by ~25%. Allowing Yukawa couplings of order 1 the h — 77 rate can be
modified by ~50%. The explanation of the muon g-2 anomaly and predictions for h — v are however not correlated,
since these are controlled by independent parameters.

Models with flavor violating couplings are typically highly constrained by limits on a variety of flavor changing
precesses. However, these constraints involve products of flavor violating couplings of two different light leptons,
while for the explanation of the muon g-2 anomaly only the couplings of the muon to heavy leptons are necessary.
We can therefore take the existing limits on flavor violating processes as constraints on other couplings in the model
that are not necessary for the explanation of the muon g-2 anomaly.

While the extra vectorlike leptons, L and E, that mix with the muon are sufficient for the explanation of the muon
g-2 anomaly, this does not have to be the full story. The model can be combined with other scenarios involving
vectorlike fermions. For example, it is possible to embed it into recently discussed scenario with extra 3 or more
complete vectorlike families [13, 14] featuring gauge coupling unification, sufficiently stable proton, and the Higgs
quartic coupling remaining positive all the way to the GUT scale. In this scenario, predicted values of gauge couplings
at the electroweak scale are highly insensitive to GUT scale parameters and masses of vectorlike fermions. They can be
understood from IR fixed point predictions and threshold effects from integrating out vectorlike families. Furthermore,
a model with extra Z’ and vector-like quarks was recently discussed as a possible explanation of the anomalies in
Z-pole observables: the forward-backward asymmetry of the b-quark, and the lepton asymmetry obtained from the
measurement of left-right asymmetry for hadronic final states [15, 16]. These two scenarios could also be combined,
and a simultaneous explanation of anomalies in Z-pole observables and the muon g-2 could be obtained.

This paper is organized as follows. In Sec. II, we define the model and find expressions for couplings of Z, W and h
to the SM and extra leptons. In Sec. III, we calculate contributions of extra leptons to the muon anomalous magnetic
moment, qualitatively discuss expected results, provide results from numerical scans over the parameters space, and
discuss the predictions from the regions that explain the muon g-2 for higgs decays, namely h — pTp~ and h — 7.
We also discuss constraints from precision EW observables, current constraints from the LHC, and encourage further
searches for extra leptons in a variety of final states at the LHC. In Sec. IV, we discuss a possible UV embedding of
this model in the extension of the SM with three complete vector like families. We provide some concluding remarks
in Sec. V.

II. MODEL

Quantum numbers of SM particles and extra vectorlike family (VF) are summarized in Table I. The notation is
straightforward, we use lower case letters for standard model particles and upper case letters for particles from extra
VF, e.g. Er has the same quantum numbers as er and its vector like partner is E. For the discussion of the muon

1 This possibility was missed in the original version of Ref. [3], arXiv:1111.2551v1 [hep-ph], as a result of a mistake in the calculation
of the W contribution. It was pointed out by one of the authors of this paper, A.R.. In the corrected version of Ref. [3] some points
with a positive correlation between contributions to the muon g-2 and muon mass appeared, but the focus of the paper remained on
the asymptotic case.



g-2 only Lz r and Er, g are relevant. Extra quarks obviously do not contribute and we will not assume that the
standard model singlets N r are near the EW scale.

TABLE I: Quantum numbers of standard model and extra vectorlike particles. The electric charge is given by Q = T5 + Y,
where T3 is the weak isospin, which is +1/2 for for the first component of a doublet and -1/2 for the second component.

qr ur dr I vr er H|QrLr UL,r Dir LLr NL.r EL R
SUB-3 3 31111 3 3 3 1 1 1
SU(?)L21121122 1 1 2 1 1
Uy 3 itoad| i 3o 4 0

The most general renormalizable lagrangian for charged leptons is given by:

L D *I_LiyijeRjH — l_LZ)\lEERH — EL)\]LGRJ'H — )\ELERH — S\HTELLR
—ML.Z/LLR—MEELER+h.C., (1)
where the terms in the first line represent the usual standard model Yukawa couplings, (the sum over flavor indices is

assumed), Yukawa couplings between SM leptons and leptons from VF, and between leptons from VF. Terms in the
second line are mass terms for vectorlike pairs of leptons. We label the components of doublets as follows:

. 0
=" ), Lir= LE’R : H= 0 , (2)
5 h
€L LL,R U+ﬁ

where v = 174 GeV is the vacuum expectation value of the Higgs field.
After spontaneous symmetry breaking the 5 x 5 mass matrix for charged leptons is given by:

B B €Rj o yi;v 0 )\fjv €Rj
(éris Ly, Er) Me | Ly, | = (eris Ly, Er) | Mw My v Ly | (3)
ER 0 AU ME ER

and it is convenient to define 5-component vectors: ey, = (er;, Ly, E )7 (and similarly for er, with L — R), which
combine the left (right) handed fields of the SM with those from the extra vectorlike pairs. We use indices from the
beginning of the alphabet for combined vectors and indices starting with ¢ for only the standard model leptons. This
mass matrix can be diagonalized by a bi-unitary transformation, UzMeU R, which defines the mass eigenstate basis.
We label the mass eigenstates by e, and for the lightest three eigenstates we will also use their names: e, y and 7.
Before diagonalizing the full mass matrix, it is instructive to change the basis by a unitary transformation, ey; —
(Vier):, erj — (Vrer);, which diagonalizes the standard model Yukawa couplings y;;. The mass matrix becomes

ViyVe)yv 0 (VHaAPv
)\lL(VR)lj’U ML v . (4)
0 AU ME

Since we are interested in modifying couplings of the muon, we assume that only (VLT )2k AE and AF(VRg)i2 are non-zero.
This corresponds to the situation when )\kE o (V)g2 and )\lL x (Vg)gl, or in the basis where standard model Yukawa
couplings are diagonal, it corresponds to A{”E = )\?f’E =0 and )\2L £ = \L.E ig non-zero. This is the minimal scenario
that does not modify standard model couplings of the electron and tau.

In this minimal scenario, masses of the electron and tau fully originate from their Yukawa couplings to the Higgs
boson since they do not mix with heavy leptons. Therefore we can look at the 3 x 3 mass matrix for the muon and
the extra heavy leptons separately:

yov 0 APy m, 0 0
Ul [ Mo M, 2w |Ur=]0 me, 0 |, (5)
0 M Mg 0 0 me,

where we use the same names for diagonalization matrices Uy, g as for the matrices that diagonalize the general 5 x 5
matrix. We label their components by 2, 4 and 5 so that results are applicable to the general scenario. Similarly we
label the heavy mass eigenstates by e4 and es.



In the limit
AEU, ALv, A, Ao < Mg, My, (6)

approximate analytic formulas for diagonalization matrices can be obtained which are useful for deriving approximate
formulas for couplings of Z, W and h. In this limit, the two heavy charged leptons have masses close to My, and Mg.
In the basis (mu, Me, =~ My, m., ~ Mg) the diagonalization matrices are given by:

1— 022 02 (A AMpiaMy _ yudi VAL
IMZ My MZ—M? MZ Mg
_ 2 MEMp—y AL Mg 2 (AMgp+AML)? AMp+AMEg
UL v MZ Mg l—v AMZ-M3)? UTMi-mz (7)
_pe _p2ML+AMp 1 — 2 YA — 2 (AMp+AMp)®
Mg MZ—M?2 2MZ 2(MZ—M?2)?
and
) i}
2 AL AL 2 AL AMp+AMEg y/,L)\E
1=v'53f Y, v (ME MEiaz T OME
2 S 2 _
Ur = e 2 A 2 OMpaM,)? AMp+AM , 8
R Y, 1 =vi53p 2(MZ—M2)? UMz M2 (8)
02 ALAME—y A ML v AMpg+AMy, 122 (AMg4+XMp)?
My MZ MZ—M2 2(MZ—M2)?

A. Couplings of the Z boson and photon

Couplings of the electron and 7 to the Z boson are not modified from their SM values. Couplings of other charged
leptons to the Z boson are modified because the extra Fp, is an SU(2) singlet but it mixes with SU(2) doublets, and
L, originates from an SU(2) doublet but it mixes with SU(2) singlets. The couplings follow from the kinetic terms:

Ekin D éLaimaeLa + éRailDaeRa = éLa(Uz)acimc(UL)cbéLb + éRa(U}T{)acich(UR)cbéRba (9)

where the vectors of mass eigenstates are ér, = (fir, €14, € L5)T and similarly for ég. The covariant derivative is given
by:

Do =0, — zm(Ts’ — sin? OwQa)Z, —ieQuA,, (10)

where the weak isospin 73 and the electric charge @ for a given field can be obtained from Table I. Defining couplings
of the Z boson to fermions f, and f, by the lagrangian of the form

LD (JFLﬂ”gff“fbbe + JfRa'Y'ug}%fafbeb) Z, (11)

we find the couplings of left- and right-handed fields:

feaer = 9 T3, — sin? 0w Q) (U} )ac(UL)e 12
IL cos Oy 6;15( re —sin” 0w Q) (U )ac(UL) ebs (12)
Zeq g .

gr" = cos Oy CZ; 5(T}%c_Sln20WQc)(U1T%)ac(UR)cba (13)

where . = —1 is the same for all states; 77, = —1/2 for ¢ = 2,4, and 0 for ¢ = 5; and T, = 0 for ¢ = 2,5, and —1/2
for ¢ = 4.

Since Q. = —1 for all the fields, couplings of the photon are not modified from their SM values by field rotations.
However, due to different weak isospins of fields that mix, the couplings of the Z boson given in Egs. (12) and (13)
are modified. Corrections to the usual SM value of the left-handed charged lepton coupling,

Zegep — g _1 : 20 5ab 14
(92" )sm COSQW( 5 + sin” Oy ) (14)

can be written as:
g7 = L(U}:)af)(UL)E)b- (15)



Similarly, corrections to the usual SM value of the right-handed charged lepton coupling,

Zege g Lt a
(9™ )sm = - sin® Oy 6% (16)
can be written as:
sgleser — — 9ty (Ur)w. 17
IR 2cos0W( r)at(UR)ab (17)

B. Couplings of the W boson

The couplings of the electron and 7 to the W boson are not modified from their SM values. Couplings of other
charged leptons follow from the kinetic terms:

Liin D (Dufy“uL + L9y“LT + Ii%’y“LE) WJ + h.c. (18)

9
V2
=2 (7" (UL)2vérs + LI (UL)ave Ly + LEy" (Ur)avers) W5 + hec.. (19)

V2
Defining couplings of the W boson to neutrinos v, and charged leptons é, by the lagrangian of the form
— uw, Wugep 4 — n Wuvgep 5 +
LD (VLa’y g5 ey + VraV" 9p eRb) W, + h.c., (20)

we find couplings of left- and right-handed fields:

Wv,ep g Wuvse g
nes _ U , % — 2 _([J , 21
9z, \/i( L)2b 9z ﬂ( L)ab (21)
rvaq€e g
gp A = *ﬁ(UR)4b~ (22)

C. Couplings of the Higgs boson

In the minimal scenario that we are focusing on, couplings of the electron and tau to the Higgs boson are given
by the SM relations, Ae ; = m. -/v. This usual relation between the mass of a particle and its coupling to the Higgs
boson does not apply to other charged leptons as a consequence of explicit mass terms for vectorlike fermions, Mg
and M. The couplings of the Higgs boson for other charged leptons follow from the Yukawa terms:

1 1 - .
Ly D *\ﬁ éLaYabeRbh + h.c. = 7% La(Uz)ac}/cd (UR)dbeRbh + h.C., (23)
where
Yu O AE
Y= 0 A |. (24)
0 X 0

Since the Y matrix is not proportional to the mass matrix given in Eq. (5) the Higgs couplings are in general flavor
violating. Defining couplings of the Higgs boson to mass eigenstates fermions f, and f;, by the lagrangian of the form

1 -
LD 7 fraAfogo fROD A+ hec, (25)

we find:

Acger, = Z (U)acYea(Ur)av- (26)
c,d=2,4,5



Noticing that Yv = M, —diag(0, M, Mg) the Higgs boson couplings to mass eigenstates can be alternatively written
as:

m, 0 0 00 0
Xewrv =0 me, 0 | -Ull0o M, 0 |Us (27)
0 0 me 0 0 Mg

where the first term comes from the usual SM relation between fermion masses and their couplings to the Higgs boson
and the second term represents contributions from the My, g terms.

In the limit (6), the approximate analytic formulas for all the couplings of Z, W and h can be easily obtained from
diagonalization matrices (7) and (8).

III. THE MUON ANOMALOUS MAGNETIC MOMENT

The discrepancy between the measured value of the muon anomalous magnetic moment [17] and the SM prediction,
Aaf™ = af™ — ap™ =2.74+0.80 x 1077, (28)

that we will use in our analysis, is the average of evaluations of this discrepancy reported by several groups: 2.49 +
0.87 x 107? [18], 2.61 4+ 0.80 x 1072 [19], and 2.87 4 0.80 x 102 [20]. On average, the discrepancy is at the level of
3.4 standard deviations.

The contributions to the muon magnetic moment from extra fermions originate from the loop diagrams with the
Higgs, Z and W bosons shown in Fig. 1. Our calculation of these contributions, presented below, agrees with the
results in Refs. [21, 22] and also in the revised version of Ref. [3]. For references to the original calculation of the Z,
W, and h contributions in the SM, see Ref. [1].

A V4

8 0 Y

FIG. 1: Feynman diagrams contributing to the muon magnetic moment that involve loops of extra fermions and the Higgs, Z
and W bosons.

The contribution from the Higgs diagram is given by
m
56‘2 = _W Z [(|>‘ueb|2 + |>\9bH|2) My Fp(zhs) + Re (Aue, Aeyp) meth(xhb)] ) (29)
b=4,5
where xp,, = (me, /M}y,)?, the couplings are given in Eq. (26) with index p = eg, and the loop functions are as follows:

23 — 622 + 3z + 6z In(z) + 2

F = — 30
u(2) i , (30)
2? — 4z +2In(z) + 3

G = . 31
(@) oy (31)

The contribution from the Z diagram is given by

m e ep e ep*
day; = _87r2JF\Li§ > [(|gf” P12+ gt Py muFy (2 ) + Re (97" g2 )Y me, Gz (xz3) | (32)
b=4,5

where 2z, = (me,/Myz)?, the couplings are given in Egs. (12) and (13) with index u = eq, and the loop functions are
as follows:

5zt — 142 + 3922 — 387 — 1822 In(x) + 8
Fy(z) = 50 2! , (33)

.1:3 xr — oxrIn\r) —
Gz(e) = +3%1E$;) - (34




Finally, the contribution from the W diagram is given by

5CLW — My

W W, W, Wgpx
W= (g P+ Lgg M P )muFw (zw) + Re (g7 " gR M) MGw (zw) | | (35)
1672 M2,

where zy = (M, /My )? since the mass of vy is given by M. The couplings are given in Eqs. (21) and (22) with
index p = es, and the loop functions are as follows:

4t — 4923 + 7822 — 437 + 1823In(z) + 10

1’3 — "1}'2 X .r2 n\xr)—
Gw(a) = — 212 +(15_ ;)f Inz) =4 (37)

A. Qualitative analysis

An interesting insight can be obtained by integrating out vectorlike leptons [3]. In the limit (6) the muon mass,
after EW symmetry breaking, receives contributions from two terms:

AEDNE
M Mg

Lefr DO —OrL (yM + HHT> urH + h.c. — — (mf +m£E) ArLpr + h.c., (38)

f originates from the direct Yukawa coupling of the muon flavor eigenstate and mﬁE comes from the mixing

with vectorlike leptons. Due to the same chiral structure, the mﬁE term also contributes to the muon magnetic
moment. This contribution can be written as

where m

m. mLE mLE
Aa, ~ ¢c——F_ ~ 0.85¢c—L— Aac?P. (39)
(47wv)? my !

In the limit Mg ~ My, > My it was found that ¢ = —1 [3]. This means that the contributions to the muon mass and
muon g-2 are anticorrelated. Nevertheless, ignoring the wrong sign, the size of the contribution to the muon g-2 is
what is needed to explain the measured value when the muon mass originates mostly from the mixing with vectorlike
leptons.

However, this conclusion holds only in the asymptotic region Mg ~ My, > Mz. We can obtain a simple approximate
formula for Aa,, even in the region of small Mg and My. It turns out, that the formula (39) is still valid with ¢ being
a function of masses of extra fermions which can be written as:

c=cwl(ew)+cz(xz) + cp(zn) ~ Gw(rw) — 2. (40)

The second part follows from cy (zw) ~ Gw (xw) and the sum of the cz(xz) and ¢, (xp,) being approximately —2 in
a large range of masses, as a result of Gz(x) and G (x) changing slowly with x.

The Higgs contribution can be approximately written as cp(xr) ~ 3/22,Gr(xy) where xp, is associated with the
lighter of the two leptons.? It varies from —1 to —3/2 for xj, between 1 and co. Asymptotically, or if at least one of
the masses of extra charged leptons is somewhat larger than My, the Z contribution is given by cz(xz) ~ Gz(zz),
where the z is associated with the heavier of the two leptons. Numerically, c¢z(xz) ~ —1/2 which is the asymptotic
value of Gz(xz). For both masses close to Mz we find cz(xz) ~ Gz(zz) + 2xzG’'(xz) which for xz = 1 equals —3/4.
Therefore, the Z contribution varies from —3/4 to —1/2 for zz between 1 and co. Thus, the Z and Higgs contributions
add up to ~ —2 for a large range of masses of vector like leptons.

The W contribution, cw (zw) ~ Gw (xw), strongly depends on the mass of the heavy neutrino, which in our model
is given by Mp. While its asymptotic value is 4+1 leading to total ¢ ~ —1, for M ~ My it is +3 leading to total
¢ ~ +1. Therefore, the correlation between contributions to the muon mass and muon g-2 is mostly controlled by
M7y, and we have two solutions: the asymptotic one, My, > Mz, in which case the measured value of the muon g-2 is
obtained for mﬁE /m,, ~ —1; and the second one with a light extra neutrino, My, ~ My, in which case the measured

2 In the derivation of this formula we used the fact that x; Gy (xp,) varies very little with ;. A better approximation is cp(zp) ~
TpaGr(zha) +1/22p5G (xh5) when the masses of the two charged leptons are different, and cp (zp) ~ xpGr(zh) — 1/21%G’(xh) when
the masses are similar.
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FIG. 2: Left: contributions to the muon g-2 from Z, W and h loops with heavy leptons shown in Fig. 1 as functions of M.
The sum of all contributions is also plotted. Dark and light shaded bands correspond to 1o and 20 regions of Aa,, specified in
Eq. (28). Right: separate and total contributions to the ¢ coefficient defined by assuming the equality in Eq. (39) that show the
correlation between contributions of heavy leptons to the muon g-2 and the muon mass. In both plots we fix: Mg = 250 GeV,
A =0.5, A =0 and A* and A\F are set to their approximate maximum allowed values given in Eq. (41). The signs of couplings
are chosen so that mﬁE is positive. For the opposite sign of mﬁE, the signs on the y-axis in the left plot should be flipped.

value of the muon g-2 is obtain for m{;E /my ~ +1. In the first case, about twice as large contribution from the direct
Yukawa coupling of the muon is required to generate the correct muon mass, while in the second case, the muon mass
can fully originate from the mixing with heavy leptons. Any other correlation between +1 and —1 can be obtained
by increasing the My, from the EW sale to the ~ 1 TeV scale.

This is illustrated in Fig. 2 in which we show separate contributions to the muon g-2 and the ¢ coefficient from
Z, W and h as functions of M. In both plots we fix: Mg = 250 GeV, A = 0.5, A = 0, and Az and \g are set to
their approximate maximum values allowed by precision EW data (discussed later) which fixes mﬁE . Almost identical
shape of lines in both plots in Fig. 2 further supports the fact that Eq. (39) with ¢ given in (40) is indeed a good
approximation. Chosen signs of couplings in the plots correspond to generating a positive contribution to the muon
mass from mﬁE . If the product AXANF is negative, leading to a negative contribution to the muon mass from mﬁE ,
the g-2 plot would look identical with the signs on the y-axis flipped.

The contributions to the ¢ coefficient in Fig. 2, for a given choice of parameters, are representative for a large range
of My, and Mpg. The plots would be almost identical for any larger value of Mg, and would only slightly change in
the small Mj, region for Mg as small as 100 GeV. All the Yukawa couplings only rescale the contributions to the
muon g-2, different choices do not change the results qualitatively as far as the condition (6) is satisfied.

B. Constraints

In the numerical scans over the parameter space that follow, we impose constraints from precision EW data related to
the muon that include the Z pole observables (Z partial width, forward-backward asymmetry, left-right asymmetry),
the W partial width, and the muon lifetime [23]. In the limit of small couplings (6) these constraints approximately
translate into 95% C.L. bounds on A®*Z couplings:

Ay ALy
— <0.03 — <0.04. 41
Sosem S0S (a1)

These quantities squared represent modifications of the SM couplings of the Z and W to the muon, which can be
obtained from Egs. (15), (17), (21) and the diagonalization matrices (7) and (8). We further impose constraints from
oblique corrections, namely from S and T parameters [23]. Finally, we impose the LEP limits on masses of charged
leptons which are required to be larger than 105 GeV.

C. Scan over the parameter space: the muon g-2 and Higgs decays

Previous qualitative discussion of expected results is fully supported by numerical scans. In Fig. 3 on the left we
plot the contribution to the muon g-2 versus the contribution to the muon mass from the mixing with heavy leptons
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FIG. 3: Left: Randomly generated points with My € [100,1000] GeV, Mg € [100,1000] GeV, A < 0.5, A = 0, and Az g in
allowed ranges from precision EW data, plotted in Aa, — mﬁE /m, plane. Both signs of couplings are allowed. The lightest
mass eigenstate is required to satisfy the LEP limit. Different colors (shades) correspond to different regions of My in the
order from top to bottom on the right side of the plot: My < 150 GeV, < 250 GeV, < 500 GeV, and < 1000 GeV (the order
is reversed on the left side of the plot). Horizontal line and dark (light) shaded bands correspond to the central experimental
value of Aa, and lo (20) regions respectively, specified in Eq. (28). Right: the same points as on the left plotted in Aa, —
R, plane.

for randomly generated points with M, € [100,1000] GeV, Mg € [100,1000] GeV, A < 0.5, and A g in allowed
ranges from precision EW data. For simplicity, A is set to 0 in these plots, because it should not have a significant
effect on our results. In all the plots in this section the mﬁE is defined more precisely as the mass that the muon
would have if the direct Yukawa coupling was zero. Different colors (shades) correspond to different regions of M.
This shows that it is indeed My, that controls the correlation between the contribution to the muon g-2 and muon
mass.

There are two solutions: the asymptotic solution for large M, in which the measured muon g-2 can be obtained for
mﬁE /m,, ~ —1 and so the physical muon mass is a result of a cancellation between the direct Yukawa coupling and
the contribution from the mixing; and the light neutrino solution for My ~ 100 GeV in which case the muon mass
can fully originate from the mixing, mﬁE/m# ~ +1.

On the right in Fig. 3 we plot the same points in Aa, — R, plane, where

D(h— ptu”)
L(h— ptp=)sm’

R, = (42)

This plot can be easily understood from Eq. (38). The enhancement of I'(h — ut ™) by a factor of 9 compared to
the SM in the small M} case that can explain the muon g-2 anomaly, for which m{;E /my, ~ +1, originates from 3
possible ways one Higgs coupling and 2 vevs replace the Higgs fields in the second term in Eq. (38). In the asymptotic
case, mﬁE /m, ~ —1, that also explains the anomaly, R, ~ 1, which results from the first term in Eq. (38) being
twice as large as in the SM and the same combinatoric factor of 3 with a minus sign from the second term.

From the qualitative discussion in the previous section we expect that allowing nonzero A should not change the
results dramatically. This can be seen in Fig. 4 which is obtained under the same conditions as Fig. 3 with additional
randomly generated A < 0.5. Additional A coupling has however important consequences for h — . If both A and

A are nonzero, the h — 7 can be significantly modified. In Fig. 5 we plot the points from Fig. 4 in the Aa, — R
plane, where

L'(h = y7)
R’Y’Y = T

(h = yy)sm (43)

In the plot on the left the color notation is the same as in Fig. 4, namely it represent different regions of My, while
in the plot on the right different colors (shades) represent the mass of the lightest mass eigenstate which is more
meaningful for h — 7.

In the small M, case that can explain the muon g-2 within one standard deviation the R, can be decreased by
about 25% or increased by about 15%. In the asymptotic case, R, is negligibly modified in the region that explains
the muon g-2 within one standard deviation.

Some of the results presented so far depend on our upper limit on possible Yukawa couplings which we took to be
0.5. This upper limit is motivated by a simple UV embedding with nice features concerning the stability of the EW
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FIG. 4: The same as in Fig. 3 with additional randomly generated A < 0.5.

4 4
3 3
2 2 e
= 1 > 1 F
X X
= 0 [ = 0 -
< <
< <
—1 -1
-2 r -2 e, e
3 250 GeV 3 250 GeV
500 GeV 500GeV ®
=3 ) ) ) ) |<;:;ch . 1 -3 ) ) ) ) ) mi:)ccv . T
0.7 0.8 0.9 1 1.1 1.2 0.7 0.8 0.9 1 1.1 1.2
RYY RYY

FIG. 5: Left: the same as in Fig. 4 plotted in the Aa, — Ry~ plane. Right: the same as on the left but different colors (shades)
represent the mass of the lighter extra charged lepton mass eigenstate, me,, in ranges < 150 GeV, < 250 GeV, < 500 GeV,
and < 1000 GeV when going from outside toward the center.

minimum of the Higgs potential, that we will discuss in the next section. This however is just one possibility and in
principle larger values of Yukawa couplings should be considered on phenomenological grounds. Thus we also plot
similar results assuming upper limit for all Yukawa couplings to be 1.

The randomly generated points extended to A < 1 with A = 0 are plotted in Fig. 6 in the Aa, — m* /m,, plane
on the left, and in the Aa, — R,, plane on the right. Comparing Figs. 3 and 6 clearly demonstrates the effect of
varying A coupling; increasing \ extends the plots to larger values of both Aa,, and mﬁE /my,, while the correlation
of these contributions is unchanged. The Higgs coupling to the muon is modified more dramatically, and part of the
parameters space is already ruled out by the ATLAS search for h — ppu~ [6] (lightly shaded regions in both plots).
The R, ranges between 6 and 9.8 (the current limit) in the small M7, case that can explain the muon g-2 anomaly,
and between 1 and 9 in the asymptotic case.

The addition of A < 1 somewhat expands the ranges of Aa,, mﬁE /m, and R, for all regions of My, which can
be seen in Fig. 7. Nevertheless, as expected, the plots in Figs. 6 and 7 look qualitatively very similar.

Increasing A and A up to 1 significantly extends ranges of predictions for R, given in Fig. 8, especially for the
asymptotic case. In the small My case that can explain the muon g-2 anomaly within 1o, the R, ranges between
0.6 and and 1.15; while in the asymptotic case the R, ranges between 0.9 and 1.5. In addition, the range of possible
masses of the lightest extra charged lepton significantly expands, see Fig. 8 on the right. With A\, A < 1 for the small
M7, case that can explain the muon g-2 anomaly within 1o the mass of the lightest extra charged lepton, m,,, has to
be at most ~250 GeV, while with A\, A < 0.5 the maximum mass is only ~150 GeV.
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FIG. 6: The same as in Fig. 3 with the region of X extended to A < 1. The lightly shaded points are excluded by the ATLAS
search for h — ptp~. The plot on the right would extend to larger values of R, ~ 24.
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FIG. 7: The same as in Fig. 6 with additional randomly generated A < 1.

D. Light charged leptons at the LHC

This scenario, especially the small Mj, case that can explain the muon g-2 anomaly could be searched for at the
LHC. The LHC phenomenology of extra leptons was discussed for example in Refs. [5, 24, 25], [3]. The pair production
cross section of extra leptons with masses of order 100 GeV is about 1pb at the LHC at 8 TeV (and it is steeply
falling with increasing the mass). Extra leptons decay into Z, W or h and a light lepton. The decay branching ratios
are typically comparable and so the signatures of this scenario are spread over a variety of final states. Especially for
small masses of charged leptons the branching ratios highly depend on the Yukawa couplings.

So far limited searches have been done. A search motivated by heavy leptons specific to Type III Seesaw models
limits o(pp — L°L*) x B(L* — ZI*) x B(L® — W), where [ is either e or y, to about 200 fb for heavy leptons with
the mass 100 GeV [26]. There is also a similar search at CMS for both heavy leptons decaying through W [27]. In
addition to these specific searches there are also general searches for anomalous production of multi lepton events [28]
that constrain specific decay modes of heavy leptons.

However, in addition to the dependance of the branching ratios on Yukawa couplings within the scenario we
discussed, these in principle also depend on couplings that are not necessary for the explanation of the muon g-2. For
example, heavy leptons can dominantly decay into 7 leptons reducing the number of light leptons in final states. Due
to limited existing constraints, all the scenarios we discuss are or easily can be made viable. This could dramatically
change with further searches for heavy leptons covering all the decay modes in near future. In addition, improving the
limits on h — p* ™, that already constrain parts of the parameter space, is highly motivated even if the sensitivity
to the SM prediction for this process cannot be reached soon.

Finally, the charged leptons relevant to the asymptotic solution are far beyond the current reach of the LHC.
However, this solution can still be highly constrained by improving the limits on h — p*pu™.
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FIG. 8: Left: the same as in Fig. 4 plotted in the Aa, — Ry~ plane. Right: the same as on the left but different colors (shades)
represent the mass of the lighter extra charged lepton mass eigenstate, me,, in ranges < 150 GeV, < 250 GeV, < 500 GeV,
and < 1000 GeV when going from outside toward the center. The lightly shaded points are excluded by the ATLAS search for
h—ptp~.
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FIG. 9: Left: the RG evolution of gauge couplings: a3 (top), ae (middle), and a; (bottom) in the SM extended by three
vector-like families for ag = 0.3 at Mg = 2 x 10'® GeV. Right: the RG evolution of the Higgs quartic coupling for my, = 126
GeV, the top Yukawa coupling and the X with the EW scale value of 0.5. Masses of vector like fermions are M, = Mg, = 150
GeV, M, , =2.0 x 10° GeV, Mg, , = 2.4 x 10" GeV, Mg = 520 GeV, My = 1.4 x 10° GeV, and Mp = 2.5 x 10° GeV.

IV. A POSSIBLE UV COMPLETION

The model with extra vectorlike leptons can be embedded into recently discussed scenario with extra 3 or more
complete vectorlike families [13, 14]. This scenario features gauge coupling unification, sufficiently stable proton, and
the Higgs quartic coupling remaining positive all the way to the GUT scale. Predicted values of gauge couplings at
the electroweak scale are highly insensitive to GUT scale parameters and masses of vectorlike fermions. They can be
understood from IR fixed point predictions and threshold effects from integrating out vectorlike families.

These features are preserved even when one generation of L and E have masses close to the EW scale and the extra
Yukawa couplings are of the size required to obtain the measured value of the muon magnetic moment. A specific
example assuming extra three complete vectorlike familes is given in Fig. 9. We fix My, and Mg, to 150 GeV (even
sizable variations of these masses would have negligible impact on the results presented in this section) and A to 0.5.
This value of A and masses of vectorlike leptons can generate muon g-2 close to the central value and simultaneously
generate the muon mass completely from the mixing between light and heavy families. The masses of the other two
generations of vectorlike leptons and all three generations of quarks are varied to obtain the measured values of gauge
couplings at the EW scale starting from ag = 0.3 at Mg = 2 x 10'6 GeV. We set all other Yukawa couplings to zero,
except for the top quark Yukawa. The contributions from A* and A¥ to the RG evolution of gauge, top Yukawa and
Higgs quartic couplings can also be neglected when the constraints from precision EW data are satisfied. The analysis
closely follows [13, 14] with the only exception that we use 1-loop RGEs for Yukawa and Higgs quartic couplings. We
use 2-loop RGEs for gauge couplings as in Ref. [13, 14].

The evolution of gauge couplings is almost identical to examples given in Ref. [13, 14]. With zero Yukawa couplings
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of vectorlike fermions the evolution of gauge couplings only depends on the geometric means of masses of vectorlike
fermions with the same quantum numbers. Fixing two masses, My, and Mg, , to 150 GeV is compensated by making
masses of the other two vectrolike families correspondingly heavier. The addition of A\ = 0.5 does not change the
evolution of gauge couplings much since Yukawa couplings contribute only at the 2-loop level.

The evolution of Higgs quartic coupling depends significantly on Yukawa couplings present in the model. In the
standard model, the top Yukawa coupling already drives Higgs quartic coupling to negative values at a high scale.
Additional sizable Yukawa couplings accelerate this behavior and thus the stability of the EW minimum sets a limit
on the size of extra Yukawa couplings.

In the case of the SM extended by 3 vectorlike families the RG evolution of Higgs quartic coupling is significantly
different. The Higgs quartic coupling can remain positive all the way to the GUT scale even with additional Yukawa
couplings. The difference comes from larger values of all gauge couplings compared to the SM above the scale
of vectorlike fermions. Larger gauge couplings slow down the running of Higgs quartic coupling, see Fig. 9, and
eventually turn the beta function of Higgs quartic coupling positive. This effect is further amplified by the fact that
the top Yukawa is driven fast to much smaller values compared to the SM (again due to larger gauge couplings) and
its contribution to the running of Higgs quartic coupling becomes small.

This is the minimal scenario (in this framework) with gauge coupling unification, sufficiently stable proton, and the
Higgs quartic coupling remaining positive all the way to the GUT scale that simultaneously explains the deviation
in the muon magnetic moment and generates the correct muon mass. Adding another lepton Yukawa coupling of the
same size, for example A to also modify h — 7, would make the Higgs quartic coupling briefly go negative. The
EW minimum would still be sufficiently long lived even with somewhat larger values of lepton Yukawa couplings.
Alternatively, a stable EW minimum can be obtained (Higgs quartic coupling is positive all the way to the GUT
scale) by lowering both extra lepton Yukawas to ~ 0.4.

V. CONCLUSIONS

We showed that the deviation of the measured value of the muon anomalous magnetic moment from the standard
model prediction can be completely explained by mixing of the muon with extra vectorlike leptons, L and E, near the
electroweak scale. This mixing simultaneously contributes to the muon mass (we label this contribution by mﬁE ),
and the correlation between contributions to the muon mass and muon g-2 is controlled by the mass of the neutrino
originating from the doublet L, that is given by the vectorlike mass parameter M7 .

We have found two generic solutions: the asymptotic one, My > Mz, in which case the Higgs loop dominates
and the measured value of the muon g-2 is obtained for mﬁE /m, ~ —1; and the second one with a light extra
neutrino, My ~ My, in which case the W loop dominates and the measured value of the muon g-2 is obtain for
mﬁE /m, =~ +1. In the first case, about twice as large contribution from the direct Yukawa coupling of the muon is
required to generate the correct muon mass, while in the second case, the muon mass can fully originate from the
mixing with heavy leptons.

The sizes of possible contributions to the muon g-2, muon mass and other observables depend on the upper limit
on Yukawa couplings that we allow in the model. We considered two cases, the upper limit being 0.5 and 1. The 0.5
upper limit is motivated by a simple UV embedding of this scenario with three complete vectorlike families featuring
gauge coupling unification, sufficiently stable proton, and the Higgs quartic coupling remaining positive all the way
to the GUT scale.

With the upper limit on Yukawa couplings being 0.5, the muon g-2 can be explained within one standard deviation
either with My < 130 GeV (the mass of the lightest extra charged lepton is m., < 150 GeV), or with My > 1 TeV.
The small M, case predicts the h — ptp~ in the range 5 — 9 times the standard model prediction. Depending on
additional Yukawa coupling, the branching ratio for h — «~ can be enhanced by ~15% or lowered by ~25% from its
SM prediction. The asymptotic case predicts only very small modifications of h — pu*p~ and h — v compared to
the SM.

Allowing Yukawa couplings of order 1, the range of parameters that can explain the muon g-2 within one standard
deviation and the range of predictions for Higgs branching ratios significantly expand. The small M, case now requires
My, <200 GeV (the mass of the lightest extra charged lepton is m., < 250 GeV). The predicted h — p*pu~ ranges
from 0.5 to 24 times the standard model prediction. A part of the parameter space is thus already excluded by the
ATLAS search for this decay mode of the Higgs (the upper limit is 9.8 times the SM prediction). Depending on
additional Yukawa coupling, the h — v rate can be modified by ~50%.

New vectorlike leptons generically predict a variety of flavor violating processes. The existing limits set strong
constraints on other possible couplings in the model besides those needed for the explanation of the muon g-2 anomaly.
In addition, extra charged leptons provide a variety of signatures at the LHC. They can be pair produced or can modify
Higgs decays. Some searches are already excluding parts of the parameter space and others are getting close. Covering
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all possible decay modes of extra leptons should allow us to fully explore the small M}, case at the LHC with already
available data.
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