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¥ #650isthenew750? 
¥ Deja vu all over again? 
¥ ATLAS talk up next! 

¥ Remember Look-
Elsewhere Effect accounts 
only for other masses in 
THIS plot 

¥ Does not account for the 
>1000 other LHC 
searches ;) 

¥ Stay tuned for 2016 data 
on the way

5 Aug 2016 21

3.9 sigma local, 3.5 sigma global!
(global = other masses in this plot)

ZV Limits : 2015 data
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hVV coupling �U�‹�`�c�•�o�M�h�’
terms which are proportional toE 4.

WL

WL WL
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= ! ig2 E 4

m4
f abef cde(! 4 + 4x)c

! ig2 E 4

m4
f acef bde[(1 ! c)(3 + c) + 2 x(c ! 1)]

! ig2 E 4

m4
f adef bce[(1 + c)(3 ! c) + 2 x(c + 1)] ,

(2.1.2)
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WL WL

WL
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m4
f abef cde
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(! 4 ! x)c + O(x2)

"
, (2.1.3)
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(2.1.4)
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15
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%
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&
,

(2.1.5)

where

x "
m2

E 2
, c " cos! , (2.1.6)

and where cos! is the scattering angle. As we can see from eqn.(2.1.2)Ðeqn.(2.1.5),E 4

dependence is canceled among the diagrams, and the leading term of the summation
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of eqn.(2.1.2)-(2.1.5) is proportional toE 2.
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WL

WL WL
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= i
!
! ab! cd s

v2
+ ! ac! bd t

v2
+ ! ad! bc u

v2

"
+ O(g2E 0). (2.1.7)

Here we used following relations,

f abef cde = ! ac! bd ! ! ad! bc (2.1.8)

m2 =
g2v2

4
. (2.1.9)

The reason for the cancelation ofE 4 dependence is the gauge symmetry because it
manifests that the coupling of 4-point gauge interaction is square of the coupling of
3-point gauge interaction. Because eqn.(2.1.7) is a monotonically increasing function
of energy, it violates unitarity at some scale if there are no particles contributing to this
amplitude. In the SM, the Higgs boson contributes to this amplitude. The diagrams
are proportional to E 4 E ! 2 = E 2, whereE ! 2 comes Higgs bosonÕs propagators.
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From eqn.(2.1.7) and eqn.(2.1.11)Ð(2.1.12), we can get

i
m2

h

v2

%
! ab! cd + ! ac! bd + ! ad! bc

&
+ O(g2E 0). (2.1.13)

This is not a monotonically increasing function of energy. Hence perturbative unitarity
can be kept at high energy in the SM.
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1 Introduction

The anomalous magnetic moment of the muonaµ ! (g " 2)/ 2, so-called muong " 2,

is a very precisely measured observable. The latest measurement ofaµ by the E821

collaboration [1] gives

aexp
µ = 11 659 208.0 (5.4)(3.3) # 10! 10. (1)

As it has been well known that there is a discrepancy between the experimental value

and the prediction of the standard model (SM). According to the calculation evaluated

in Refs. [2,3]

aexp
µ " aSM

µ = (28.7 ± 8.0) # 10! 10, (Davier et. al.)

aexp
µ " aSM

µ = (26.1 ± 8.0) # 10! 10, (Hagiwara et. al.)

the discrepancy is more than the 3! level, which can be considered as an indirect evidence

of the existence of a new physics model. This discrepancy will be further probed at

Fermilab [4] and J-PARC [5] in the near future. Since the size of the deviation is the

same order as the electroweak contributionaEW
µ = 15.4 # 10! 10 [6], we expect that new

physics exists at the electroweak scale if the strength of new interactions is as large as

that of the weak interaction. In such a new physics scenario, new particles are expected

to be light enough to be directly discovered at the LHC. Therefore, it is quite interesting

to consider models beyond the SM as a solution of the muong " 2 anomaly.

Among various models which can explain the anomaly (for a review,e.g., see Ref. [7]),

two Higgs doublet models (2HDMs) give simple solutions. In 2HDMs, there are extra

Higgs bosons (H , A, and H ± ) in addition to the SM-like Higgs boson (h), and they can

give new contributions toaµ. Usually, a softly-broken discreteZ2 symmetry is imposed [8]

to avoid ßavor changing neutral current (FCNC) processes at the tree level. Under theZ2

symmetry, four independent types of Yukawa interactions are allowed depending on the

assignment of theZ2 charge to the SM fermion [9,10], which are called as Type-I, Type-

II, Type-X (or lepton speciÞc) and Type-Y (or ßipped) [11]. In all the types of Yukawa

interactions, the lepton couplings to the extra Higgs bosons can be sizable enough to

explain aµ. In the Type-I and Type-Y 2HDMs, however, the top Yukawa coupling also
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Figure 1: One-loop (left) and two-loop Barr-Zee (right) diagrams which give corrections
to the muon g ! 2.

From the kinetic terms of the scalar Þelds, the ratios of the coupling constant among

the CP-even scalars and gauge bosons are extracted as

ghV V

ghV V,SM
= s! ! " ,

gHV V

ghV V,SM
= c! ! " . (V = W, Z) (24)

As it is seen in Eqs. (22), (23) and (24), in the limit of sin(! ! a) " 1, both hf øf and

hV V couplings become the same as those in the SM, so that we can call this limit as the

SM-like limit.

3 Constraints on the Type-X 2HDM

In the 2HDMs, the one-loop diagrams and the two-loop Barr-Zee type diagrams shown

in Fig. 1 give dominant contributions to the muong ! 2. It has been known that the

Barr-Zee type diagrams give a sizable positive contribution toaµ in the case of a large

A"+ "! coupling and a smallmA as pointed it out in Refs. [13,14]. In the Type-X 2HDMs,

a largeA"+ "! can be realized by taking tan! # 1 since## = ! tan ! as shown in Table 1.

Typically, when tan ! ! 40 andmA = O(10-100) GeV, the muong ! 2 anomaly can be

explained in the Type-X 2HDM [20]. In this section, we focus on the Type-X 2HDM

with the large tan ! and smallmA scenario to explain theg ! 2 anomaly, and we discuss

important experimental constraints in this situation.
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Result: g-2 with constraints
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Figure 6: Results in the Type-X 2HDM in the case of! hAA = 0 and ! 1 = 0.1. Dark
and light blue shaded regions can explain the muong ! 2 anomaly [3] at the 1" and 2"
levels, respectively. We takemH ± (= mH ) =200, 250, 300 and 350 GeV in the upper-left,
upper-right, lower-left and lower-right panels, respectively. The left region from the red
line is excluded by the measurement ofBs " µµ. The above regions of green, black,
purple line are excluded by the# decay, the direct search at the LEP and theZ " ##
decay, respectively. All of the exclusions are given at the 95% C.L.
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h(125) couplings (1)
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mH ± [GeV] ! H + H ! ! H + H ! H ! H ! H + A ! H ! A ! AH ! 4! ! 3! ! 4! W ! 4! Z

200 18.6 22.0 11.3 116 67.0 10129.3 50.1 143 70.7
250 8.0 9.7 4.7 53.5 29.5 45.1 7.2 12.8 72.5 37.4
300 3.9 4.8 2.3 28.2 14.9 23.2 2.3 4.3 39.4 20.6
350 2.1 2.6 1.1 16.2 8.2 13.0 0.9 1.7 22.9 12.0

Table 2: Cross sections of the electroweak production processes expressed in Eq. (65),
and those of the multi-tau processes expressed in Eqs. (67)-(70) at

!
s = 14 TeV in the

unit of fb. We take mA = 20 GeV, mH = mH ± , sin(" " #) = 1 and tan " = 35.

be quite important to study the deviation in the property of h from the SM prediction.

In particular, studying the pattern of the deviation in the various h couplings can be a

powerful tool to determine the structure of the Higgs sector4.

As we discussed in Sec. 2, the value of sin(" " #) describes ÒSM-like nessÓ ofh, namely,

all the h couplings to the SM particles become the same as those in the SM prediction

in the limit of sin( " " #) # 1. In other words, once sin(" " #) $= 1 is given, both the

hV V and hf øf couplings deviate from those of the SM values. In our scenario, the value

of sin(" " #) is determined from Eq. (62). Thus, a small but non-zero deviation from the

SM-like limit is given.

In order to describe the deviation in theh couplings, we introduce the so-called scaling

factors deÞned as$X = ghXX /g SM
hXX and its deviation from unity; i.e, ! $X = $X " 1. From

Eqs. (23) and (24) and the approximate formulae given in Eqs. (28) and (29), we obtain

! $V % "
2

tan2 "

!
1 +

m2
h

m2
H ±

"
2m2

A

m2
H ±

"
, (71)

! $q % "
2

tan2 "

!
m2

h

2m2
H ±

"
m2

A

m2
H ±

"
, (72)

$" % " 1 "
m2

h

m2
H ±

+
2m2

A

m2
H ±

. (73)

In the upper panels of Fig. 8, we show the contour plots for! $V and ! $q, where

! $X = $X " 1, on themH ± -tan " plane. In the lower panel, we show themH ± dependence

4In Ref. [70], the pattern of the deviation was investigated in various extended Higgs sectors;e.g.,
models with isospin singlets, doublets and triplets at the tree level. For example, it was shown that the
four types of Yukawa interactions in the 2HDM can be well discriminated by measuring the correlation
between the deviation in hd ød and h!! couplings [70]. In addition, it was clariÞed in Ref. [71] that even if
we take into account the one-loop corrections to thehf øf couplings, discrimination of the 2HDMs is still
valid.
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Figure 8: Contour plots for ! ! V (upper left) and ! ! q (upper right) on the mH ± -tan "
plane, where! ! X = ! X ! 1. The mH ± dependence of! ! ! is shown in the lower panel
with tan " = 35. We take mH = M = mH ± and mA = 20 GeV in all the panels. The
horizontal dashed line represents the bound from the signal strength using Eq. (75).

of ! ! instead of showing contour plots, because the tan" dependence of! ! can be neglected

as seen in Eq. (73). For deÞniteness, we take tan" = 35 in the plot for mH ± -! ! . We

Þnd that the deviations in the hV V and hqøq couplings are respectively! O(0.1)% and

! O(0.01)% which can also be estimated from Eqs. (71), (72). For theh##coupling, we

Þnd that its magnitude is maximally about 1.6 times larger than the SM prediction, and

its sign is opposite to the SM one [21]. From the measurement of the signal strength

of the h " $$ channel, i.e., µ"" at the LHC, the magnitude of ! ! is constrained. The

deÞnition of the signal strength is given as

µXY #
%h $ Br(h " XY )

[%h $ Br(h " XY )]SM
, (74)

where %h and Br(h " XY ) are respectively the production cross section of the SM-

like Higgs bosonh and the decay branching fraction of theh " XY mode. In our
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h(125) couplings (2)
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Figure 10: Ratio of the branching fraction Br(h ! !! )/ Br(h ! !! )SM in our scenario
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and 30 GeV, respectively. The horizontal dashed line shows the bound fromµ!! given in
Eq. (82) at 2# level.

bound Br(h ! AZ ) ! 14-28% in the Type-X 2HDM. The typical size of Br(h ! AZ ) is

below the upper bound as explained in the above. In addition to this channel,e and µ

are produced from the leptonic decay of$. Thus, the ZA ! %%$$! 4%+ ET/ channel can

also contribute to the four lepton channel even though the invariant mass distribution of

the four lepton system is di! erent from that by ZZ ! ! 4%. This will be a subject of a

future work.

Next, we discuss the one-loop inducedh ! !! decay mode. Because of theH ±

contribution, the decay rate can be signiÞcantly modiÞed even if theh couplings are not

changed so much from the SM prediction. We note that the deviation in theh%%coupling

can be neglected in the decay rate of theh ! !! mode, because its e! ect appears in the

tau loop contribution, but the tau Yukawa coupling is too small as compared to the top
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!
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unit of fb. We take mA = 20 GeV, mH = mH ± , sin(" " #) = 1 and tan " = 35.
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In particular, studying the pattern of the deviation in the various h couplings can be a

powerful tool to determine the structure of the Higgs sector4.
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hV V and hf øf couplings deviate from those of the SM values. In our scenario, the value

of sin(" " #) is determined from Eq. (62). Thus, a small but non-zero deviation from the

SM-like limit is given.

In order to describe the deviation in theh couplings, we introduce the so-called scaling

factors deÞned as$X = ghXX /g SM
hXX and its deviation from unity; i.e, ! $X = $X " 1. From

Eqs. (23) and (24) and the approximate formulae given in Eqs. (28) and (29), we obtain
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2

tan2 "
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1 +

m2
h
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H ±

"
2m2
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H ±

"
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In the upper panels of Fig. 8, we show the contour plots for! $V and ! $q, where

! $X = $X " 1, on themH ± -tan " plane. In the lower panel, we show themH ± dependence

4In Ref. [70], the pattern of the deviation was investigated in various extended Higgs sectors;e.g.,
models with isospin singlets, doublets and triplets at the tree level. For example, it was shown that the
four types of Yukawa interactions in the 2HDM can be well discriminated by measuring the correlation
between the deviation in hd ød and h!! couplings [70]. In addition, it was clariÞed in Ref. [71] that even if
we take into account the one-loop corrections to thehf øf couplings, discrimination of the 2HDMs is still
valid.
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Name U(1)Y SU(2)L SU(3)c Q = T3 + Y Lepton number couplings

L ! ! 1
2 2 1 0, ! 1 +1 EL !H "

L 3/ 2 ! 3
2

ø2 1 ! 1, ! 2 +1 E(L 3/ 2!H )
E ! 1 1 1 1 ! 1 E !LH "

E a 1 3 1 0, 1, 2 ! 1 E a(H " " aL )
N a 0 3 1 ! 1, 0, +1 ! 1 N a(H !" aL )
N ! 0 1 1 0 ! 1 N !LH

Table 1 . List of new leptons that can couple to the SM lepton doublet L = ( #µ , µL ) or singlet
E = µR (with the same gauge quantum numbers asL ! and E !) and to the Higgs doublet H =
(0, v + h/

"
2) (an SU(2) doublet with Y = 1 / 2). For each new complex Þeld we also add the

corresponding conjugate representation: e.g.L ! is accompanied byøL ! in the ø2 representation with
hypercharge +1/ 2.

In this paper we assume that:

a) The aµ anomaly [1, 2]

! aexp
µ = aexp

µ ! aSM
µ # (2.8 ± 0.8) 10# 9 (1.1)

is a real signal of new physics. This means that new light particles must exist not far
away from the weak scale.

b) The Higgs mass is small due to anthropic selection. This presumably means that the
only elementary scalar at the weak scale is the Higgs doublet: no new elementary
scalars are light, because anthropic selection would not demand the Þne-tuning nec-
essary for their lightness. For example, the discovery of a massiveZ ! boson at LHC
would speak against the anthropic scenario.

We address the following issue: are a) and b) compatible?
We will show that new fermions at the weak scale mixed with the muon are techni-

cally natural and can explain the aµ anomaly provided that they realize Òcharged see-saw
modelsÓ, namely models that mediate the muon mass term, because it has the same chiral
structure as the muon magnetic moment. The new physics contribution is naturally of the
same order as the SM electroweak contribution [18Ð20]

! aSM-EW
µ =

m2
µ

(4$v)2

!
1 ! 4

3s2
W + 8

3s4
W

"
# 2 $ 10# 9 (1.2)

and consequently of the same order as the observed anomaly.
In section 2 we classify the Òcharged see-saw modelsÓ, where new heavy leptons con-

tribute to the muon mass. In section 3 we derive generic formul¾ for one-loop corrections
to the muon magnetic moment, taking into account that in such modes the chirality ßip
can be enhanced by heavy fermion masses. In section4 we present our results, and in
section 5 our conclusions.
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consequence of explicit mass terms for vectorlike fermi-
ons,ME and ML. The couplings of the Higgs boson for
other charged leptons follow from the Yukawa terms:

L Y ! "
1
!!!
2

p !eLaYabeRbh # H:c:

$ "
1
!!!
2

p !̂eLa%Uy
L &acYcd%UR&dbêRbh # H:c:; (23)

where

Y $

y! 0 " E

" L 0 "

0 !" 0

0

BB@

1

CCA: (24)

Since theY matrix is not proportional to the mass matrix
given in Eq. (5), the Higgs couplings are in general ßavor
violating. DeÞning couplings of the Higgs boson to mass
eigenstates fermionsf a and f b by the Lagrangian of the
form

L ! "
1
!!!
2

p !f La" f af b
f Rbh # H:c:; (25)

we Þnd

" eaeb
$

X

c;d$ 2;4;5

%Uy
L &acYcd%UR&db: (26)

Noticing that Yv $ Me " diag%0; ML; ME&, the Higgs
boson couplings to mass eigenstates can be alternatively
written as

" eaeb
v $

m! 0 0

0 me4
0

0 0 me5

0

BB@

1

CCA " Uy
L

0 0 0

0 ML 0

0 0 ME

0

BB@

1

CCAUR;

(27)

where the Þrst term comes from the usual SM relation
between fermion masses and their couplings to the Higgs
boson, and the second term represents contributions from
theML;E terms.

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

III. MUON ANOMALOUS MAGNETIC MOMENT

The discrepancy between the measured value of the
muon anomalous magnetic moment [17] and the SM
prediction,

" aexp
! $ aexp

! " aSM
! $ 2:7 ' 0:80( 10" 9; (28)

which we will use in our analysis, is the average of evalu-
ations of this discrepancy reported by several groups:
2:49 ' 0:87( 10" 9 [18], 2:61 ' 0:80( 10" 9 [19], and
2:87 ' 0:80( 10" 9 [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, andW 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 theZ,
W, andh contributions in the SM, see Ref. [1].

The contribution from the Higgs diagram is given by

#ah
! $ "

m!

32$ 2M2
h

X

b$ 4;5

)%j" ! eb
j2 # j" eb! j2&m! Fh%xhb&

# Re%" ! eb
" eb! &meb

Gh%xhb&*; (29)

where xhb + %meb
=Mh&2, the couplings are given in

Eq. (26) with index ! + e2, and the loop functions are
as follows:

Fh%x& $ "
x3 " 6x2 # 3x # 6x ln %x& # 2

6%1 " x&4 ; (30)

Gh%x& $
x2 " 4x # 2 ln%x& # 3

%1 " x&3 : (31)

The contribution from theZ diagram is given by

#aZ
! $ "

m!

8$ 2M2
Z

X

b$ 4;5

)%jgZ! eb
L j2 # jgZ! eb

R j2&m! FZ%xZb&

# Re%gZ! eb
L gZ! eb,

R &meb
GZ%xZb&*; (32)

where xZb $ %meb
=MZ&2, the couplings are given in

Eqs. (12) and (13) with index ! + e2, and the loop
functions are as follows:

FIG. 1. Feynman diagrams contributing to the muon magnetic moment that involve loops of extra fermions and the Higgs,Z andW
bosons.
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mLE
! , theg ! 2 plot would look identical with the signs on

the y axis ßipped.
The contributions to thec coefÞcient in Fig.2, for a

given choice of parameters, are representative for a large
range ofML andME. The plots would be almost identical
for any larger value ofME and would only slightly change
in the smallML region forME 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 satisÞed.

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 theZ pole observables
(Z partial width, forward-backward asymmetry, left-right
asymmetry), theW partial width, and the muon lifetime
[23]. In the limit of small couplings (6), these constraints
approximately translate into 95% C.L. bounds on" E;L

couplings:

" Ev
ME

& 0:03;
" Lv
ML

& 0:04: (41)

These quantities squared represent modiÞcations of the
SM couplings of theZ andW to the muon, which can be
obtained from Eqs. (15), (17), and (21) and the diagonal-
ization matrices (7) and (8). We further impose constraints
from oblique corrections, namely, fromSandT parameters
[23]. Finally, we impose the large electron positron collider
limits on masses of charged leptons, which are required to
be larger than 105 GeV.

C. Scan over the parameter space: Muong ! 2
and Higgs decays

The previous qualitative discussion of expected results is
fully supported by numerical scans. In Fig.3 on the left, we

plot the contribution to the muong ! 2 vs the contribution
to the muon mass from the mixing with heavy leptons for
randomly generated points withML 2 "100;1000#GeV,
ME 2 "100; 1000#GeV, !" < 0:5, and " L;E in allowed
ranges from precision EW data. For simplicity," is set to
0 in these plots because it should not have a signiÞcant
effect on our results. In all the plots in this section themLE

!

is deÞned more precisely as the mass that the muon would
have if the direct Yukawa coupling was zero. Different
colors (shades) correspond to different regions ofML.
This shows that it is indeedML that controls the correlation
between the contribution to the muong ! 2 and
muon mass.

There are two solutions: the asymptotic solution for
large ML, in which the measured muong ! 2 can be
obtained formLE

! =m! Õ ! 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 forML Õ100 GeV, in
which case the muon mass can fully originate from the
mixing, mLE

! =m! Õ$ 1.3

On the right in Fig.3, we plot the same points in the
"a! ! R!! plane, where

R!! %
#&h ! ! $ ! ! '

#&h ! ! $ ! ! ' SM
: (42)

This plot can be easily understood from Eq. (38). The
enhancement of#&h ! ! $ ! ! ' by a factor of 9 compared
to the SM in the smallML case that can explain the muon
g ! 2 anomaly, for whichmLE

! =m! Õ$ 1, originates from
three possible ways one Higgs coupling and 2 vacuum

FIG. 2 (color online). Left: contributions to the muong ! 2 from Z, W, andh loops with heavy leptons shown in Fig.1 as functions
of ML . The sum of all contributions is also plotted. Dark and light shaded bands correspond to1# and2# regions of"a! speciÞed in
Eq. (28). Right: separate and total contributions to thec coefÞcient deÞned by assuming the equality in Eq. (39) that shows the
correlation between contributions of heavy leptons to the muong ! 2 and the muon mass. In both plots, we ÞxME ( 250 GeV,
!" ( 0:5, " ( 0, and" L and" E are set to their approximate maximum allowed values given in Eq. (41). The signs of couplings are
chosen so thatmLE

! is positive. For the opposite sign ofmLE
! , the signs on the y axis in the left plot should be ßipped.

3In the corrected version of Ref. [3], there are solutions
explaining the muong ! 2 with signiÞcantly smallermLE

! com-
pared to our results. For these points, however, the new physics
contribution to the muon mass was not calculated correctly, and
there are indeed no such solutions [24].
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severely constrained by !
neutrino-trident production:

8

whereK F is a loop function that can be found e.g. in [43].
Out of the three SM neutrinos only the muon-neutrino
and tau-neutrino are a! ected byZ ! loops. Therefore, the
correction to the Z coupling to neutrinos is e! ectively
given by

gV !

gSM
V !

=
gA !

gSM
A !

=

!
!
!
!1 +

2
3

(g!)2

(4! )2 K F (mZ ! )

!
!
!
! . (33)

In order to obtain constraints on the mass and coupling
of the Z !, we combine the experimental results from LEP
and SLC [44] on the Z couplings to all leptons and neu-
trinos, taking into account the error correlations. We
Þnd the 95% C.L. constraints depicted in gray in Fig. 3.
We note also that the constraint on the parameter space
would be stronger, if we had a sizable kinetic mixing [45].

¥ Z ! 4! searches at the LHC. Both ATLAS and
CMS collaborations have reported the measurement of
the branching ratio of Z decaying into four charged lep-
tons [46, 47]3. In particular, the ATLAS analysis [47] has
been performed with the full 7+8 TeV LHC data set and
it gives BR(Z ! 4") = (4 .2 ± 0.4)10" 6, to be compared
to the SM prediction BR( Z ! 4") = (4 .37± 0.03)10" 6.
Our model gives a positive NP contribution to the pro-
cess. The most important e! ect comes from the Feynman
diagram shown in Fig. 5, with an intermediate on-shell
Z ! boson dominating the rate formZ ! < m Z (see also [19]
for a recent analysis).

We have recast the ATLAS analysis in [47], gener-
ating events using MadGraph 5 [49], interfaced with
Pythia6.4 [50] for parton showering. Events should have
exactly four isolated leptons with the leading three with
pT > 20, 15, 8 GeV, and if the third lepton is an electron
it must have pT > 10 GeV. Lepton identiÞcation e" cien-
cies have been taken from [51]. The invariant mass of the
opposite sign same ßavor (OSSF) lepton pair closest to
the Z mass should bem1 > 20 GeV. The second OSSF
lepton invariant mass should bem2 > 5 GeV. Finally,
the invariant mass of the four lepton system should be
close to the Z mass: 80 GeV< m 4" < 100 GeV.

NP e! ects arise only in the four muon bin. In this bin,
ATLAS observes 77 events, to be compared to the 78
events expected. To set the bound, we assume a Poisson
distribution for the observed events, and we exclude at
the 95% C.L. the benchmarks that predict more than 94
events in the four muon bin. The region on the left of
the dashed black line in Fig. 3 is excluded by the ATLAS
analysis. As we can note from the Þgure, the region fa-
vored by (g " 2)µ has been almost fully probed by LHC
measurements of Z to four leptons.

3 Note that LEP performed the measurement of the cross section
of the four-fermion Þnal state arising from the process e+ e! !
! + ! ! f øf where ! is a charged or neutral lepton and f any charged
fermion [48]. However, as also shown in [15], the constraints on
the g" " mZ ! parameter space coming from this measurement are
slightly less stringent than the LHC constraints discussed in the
following.

q

q

Z

µ

µ

Z !
µ

µ

FIG. 5. The main NP contribution to the Z ! 4! process at
the LHC.

!

N N

"

"

µ!

µ+

Z "

FIG. 6. The leading order contribution of the Z " to neutrino
trident production. This diagram interferes constructively
(destructively) with the corresponding SM diagram involving
a W -boson (Z-boson).

¥ Neutrino trident production. In the last part
of this section, we present a powerful new constraint on
the L µ " L # current coming from measurements of neu-
trino trident production, i.e. the production of a muon
anti-muon pair in the scattering of muon neutrinos in
the Coulomb Þeld of a target nucleus. The leading con-
tribution of the Z ! to such a process is shown in Fig. 6.
This diagram interferes with the SM contribution involv-
ing similar diagrams, but with the W and Z bosons in-
stead of the Z !. In the SM, the contribution from the
Z-boson is smaller than the one of theW -boson and
comes with an opposite sign that leads to destructive
interference [52]. TheZ ! coupling to both muons and
muon-neutrinos has the same sign and theZ ! contribu-
tion interferes constructively (destructively) with the W -
boson (Z-boson), leading therefore to an enhancement of
the trident production. Working in the approximation
of a heavy Z !, where the leptonic 4-fermion operator is
(g!)2 (øµ#$ µ) (ø$#$ PL $) /m 2

Z !
4, the ratio of the total tri-

4 We estimate that the description of the Z " contribution by an

CCFR Z! 4l!
LHC

g-2 [±2" ]



non-diagonal model

2

mZ ! < m ! ! mµ ) is ruled out completely from searches for
! " µ+invisible decays. We emphasize that the entire
allowed range can likely be tested in future low-energy
precision measurements of lepton ßavor universality in
! decays at Belle 2, as well as in the leptonic decay of
the W boson at the LHC. A striking four-lepton collider
signature consisting of like-sign di-muons and like-sign di-
taus can be probed at the high luminosity phase of the
LHC (HL-LHC) as well as at a future electron-positron
collider running at the Z pole. We also point out an inter-
esting possibility for the detection of our ßavor-violating
Z ! scenario by the scattering of ultra-high energy neutri-
nos o! lower-energy neutrinos, which leads to character-
istic spectral absorption features that might be observ-
able in large volume neutrino telescopes like IceCube and
KM3NeT.

The rest of the paper is organized as follows: in
Section II , we present our phenomenological model La-
grangian, which can be justiÞed in a concrete BSM sce-
nario. In Section III , we show how the (g ! 2)µ anomaly
can be resolved in our LFVZ ! scenario. SectionIV dis-
cusses the lepton ßavor universality violating tau decays
for Z ! masses larger than the tau mass. SectionV dis-
cusses the two-body tau decays for a lightZ !. In Sec-
tion VI , we derive the LHC constraints on our model
from leptonic W decays. SectionVII derives the LEP
constraints from Z -decay measurements. SectionVIII
presents a sensitivity study for the new collider signature
of this model. Section IX discusses some observational
prospects of theZ ! e! ects in neutrino telescopes. Our
conclusions are given in SectionX.

II. A SIMPLIFIED MODEL

Our simpliÞed model Lagrangian for theZ ! coupling
exclusively to the muon and tau sector of the SM is given
by

L Z ! = g!
L

!
øµ" " PL ! + ø#µ " " PL #!

"
Z !

"

+ g!
R

!
øµ" " PR !

"
Z !

" + H .c. , (2)

where PL,R = (1 # " 5)/ 2 are the chirality projection op-
erators. Due to SU(2)L invariance, the couplings of the
left-handed neutrinos and charged leptons are identical,
whereas we do not introduce right-handed neutrinos in
order to keep the model minimal. The left-handed and
right-handed couplingsg!

L and g!
R could in principle con-

tain CP violating phases. We will take into account the
complex nature of these couplings in all the equations
below; in our numerical analysis however, we will take
them to be real for simplicity. We allow di ! erent LFV
couplings of theZ ! to left- and right-handed charged lep-
tons, which will be crucial for the (g ! 2)µ explanation.

We assume theZ ! can acquire mass from the spon-
taneous breaking of some extraU(1)! symmetry, under
which it is charged. The details of the mechanism that
generates theZ ! mass are irrelevant for our phenomeno-
logical purposes, and we treatmZ ! as a free parameter in

the following. Since U(1)Y is the only ßavor-blind U(1)
symmetry that is anomaly-free with the SM Þeld content,
the advantage of the extraU(1)! is that the associatedZ !

can couple di! erently to di ! erent SM fermion families.
As mentioned above, most of the existing experimen-

tal constraints involve Þrst generation fermions, which
may be regarded as more ÔfundamentalÕ in the sense that
these comprise ordinary matter around us. Thus, we
assume that the couplings of theZ ! to the Þrst genera-
tion fermions are vanishingly small or non-existent [65],
so that all these stringent experimental constraints are
readily avoided.2 If the Z ! does not couple universally
to quarks, there will be no Glashow-Iliopoulos-Maiani
(GIM) suppression of the ßavor changing neutral cur-
rent (FCNC) processes in the quark sector, and the
current experimental bounds on neutral meson mixing,
such asK ! øK, D 0 ! øD0, Bd ! øBd, Bs ! øBs [23, 66], as
well as FCNC decays of the top, bottom and strange
quarks [23, 67] will force the Z ! couplings to be rather
small. Therefore, we will assume that theZ ! in our case
is leptophilic, and more speciÞcally, couples only to sec-
ond and third generation leptons. The phenomenological
Lagrangian in Eq. (2) can then be justiÞed by imposing
an exact discrete symmetry under which [13]

L µ $ L ! , µR $ ! R ,

B " $ B " , Z !" $ ! Z !" , (3)

where L # % (##, $)L and $R are respectively the usual
SU(2)L lepton doublets and singlets in the SM in the
gauge eigenstate basis andB " is the U(1)Y gauge Þeld.3

Since the B " gauge Þeld, and hence, the photon andZ
Þelds are even under the discrete symmetry, we can forbid
kinetic Z ! Z ! mixing and " ! Z ! mixing to all orders,
thus removing a few more stringent experimental con-
straints, e.g. from neutrino-electron scattering [68] and
beam dump experiments [69].

III. MUON ANOMALOUS MAGNETIC
MOMENT

The ßavor-violating Z ! coupling in Eq. (2) gives rise to
a new contribution to ( g ! 2)µ , as shown in Fig.1, and

2 This can be realized, for instance, in concrete models with a
gauged U(1) L µ ! L ! symmetry [ 15, 17, 22, 23, 29], which is in fact
the only anomaly-free U(1) group with nonzero charge assign-
ments to SM neutrinos that can lead to an experimentally viable
light Z " without requiring the addition of any exotic fermions.
Another possibility is a U(1) group charged under only muon or
tau number, but this requires new chiral fermions charged un-
der both SU(2) L and U(1) Y , as well as under the new U(1) µ or
U(1) ! group.

3 The discrete charge assignment in Eq. ( 3) would require an ex-
tended Higgs sector to give masses to all the charged leptons [ 13],
but this does not a ! ect the Z " phenomenology discussed here.
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FIG. 1. Feynman diagram for the Z ! contribution to the
anomalous magnetic moment of the muon in our model.

is given by the general expression [70]4

aµ =
m2

µ

4! 2

! 1

0
dx

"

C2
V

#
(x ! x2)

$
x +

2m!

mµ
! 2

%

!
x2

2m2
Z !

(m! ! mµ )2
$

x !
m!

mµ
! 1

% &

+ C2
A

#
m! " ! m!

&'

#
(
m2

µ x2 + m2
Z ! (1 ! x) + x(m2

! ! m2
µ )

) ! 1
, (4)

where CV = |g"
R + g"

L |/ 2 and CA = |g"
R ! g"

L |/ 2 in the
notation of Eq. (2). For mZ ! $ m! , this reduces to

aµ %
1

12! 2

m2
µ

m2
Z !

*
3 Re(g"

L g"#
R )

m!

mµ
! |g"

L |2 ! |g"
R |2

+
, (5)

Note that in the presence of both left-handed and right-
handed couplings, the contributions of the ßavor chang-
ing Z " are enhanced by a factorm! /m µ . This is in con-
trast to contributions from ßavor-blind new physics, that
do not enjoy such an enhancement. Moreover, a purely
left-handed or right-handed coupling would lead to a neg-
ative contribution to aµ , thus making the ! aµ discrep-
ancy worse than in the SM.

In Figs. 2 and 3 we show regions of parameter space
that allow to address the (g ! 2)µ discrepancy. The plot
in Fig. 2 shows theg"

L vs. g"
R plane for a ÞxedZ " mass

mZ ! = 100 GeV; the plots in Fig. 3 show the mZ ! vs.
g"

R plane for two choices ofg"
L , namely, g"

L = g"
R (left)

and g"
L = g"

R / 10 (right). The green bands correspond to
the 2" preferred region from Eq. (1). In the gray regions,
the discrepancy is larger than 5" which we consider to be
excluded. Note that both left-handed and right-handed
couplings are required to explain the anomaly. Pure left-
handed or pure right-handed couplings of theZ " neces-
sarily enlarge the discrepancy in (g ! 2)µ , as seen from
Eq. (5), and hence, are not entertained here. Other con-
straints shown in Figs. 2 and 3 are explained below.

4 A typo in Ref. [ 70] is corrected in the second line of Eq. ( 4).

FIG. 2. The g!
L vs. g!

R plane for mZ ! = 100 GeV. The green
band is preferred at 2 ! by the ( g ! 2)µ anomaly, whereas the
gray region is disfavored at > 5 ! (see SectionIII ). The red re-
gion is excluded by lepton ßavor universality in tau decays (see
Section IV ). The dashed red contours show values of constant
lepton ßavor universality violation in tau decays. The black
dashed curve shows the 95% CL LHC exclusion from searches
for leptonic W decays (see SectionVI ) and the purple dashed
curve shows the 95% CL LEP exclusion from Z coupling mea-
surements (see SectionVII ). The orange dotted curve shows
the expected 3! sensitivity to the process pp " µ± µ± " " " "

at the high-luminosity LHC (see Section VIII ).

IV. LEPTON FLAVOR UNIVERSALITY
VIOLATION IN TAU DECAYS

Constraints on our ßavor violating Z " scenario can be
derived from leptonic tau decays. In the SM, the leptonic
decays of the tau, #! " µ! $! ø$µ and #! " e! $! ø$e,
are mediated by the tree-level exchange of aW boson.
Integrating out the W , we arrive at the following e" ective
Hamiltonian describing the decays:

H SM =
g2

2

2m2
W

(ø$! %" PL #)
,

#= e,µ

(ø&%" PL $#) , (6)

where g2 = e/ sin ' W % 0.65 is the SU(2)L gauge cou-
pling. Due to lepton ßavor universality of the weak inter-
actions, the ratio of the branching ratios of the leptonic
tau decays is close to unity. In the SM, the ratio can be
predicted with extremely high accuracy [71]:

RSM
µe =

BR(# " µ$! ø$µ )SM

BR(# " e$! ø$e)SM
= 0 .972559± 0.000005, (7)

where the deviation from unity is almost entirely due to
phase space e" ects.
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