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We revisit a class of Z' explanations of the anomalies found by the LHCb collaboration in B decays,
and show that the scenario is tightly constrained by a combination of constraints: (i) LHC searches for
dimuon resonances, (ii) perturbativity of the Z’ couplings; (iii) the B, mass difference, and (iv) electroweak
precision data. Solutions are found by suppressing the Z' coupling to electrons and to light quarks
and/or by allowing for a Z’ decay width into dark matter. We also present a simplified framework where a
TeV-scale Z' gauge boson that couples to standard leptons as well as to new heavy vectorlike leptons, can
simultaneously accommodate the LHCb anomalies and the muon g — 2 anomaly.
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I. INTRODUCTION

The standard model (SM) has been tested at high
precision and proven to be the best description of electro-
weak and strong interactions. However, we have several
observational reasons to believe that the standard model is
incomplete, for example the inference of nonzero neutrino
mass and dark matter, the measurement of the muon
anomalous magnetic moment and the results of some
recent searches for new physics, as well as some more
fundamental matters such as the hierarchy problem.

Many SM extensions have been proposed and often
share the presence of an extra U(1)" gauge symmetry. For
instance, superstring theory and grand unification theories
provide several examples [1-3]. In supersymmetric grand
unification theories, the U(1) and SM electroweak break-
ing scales are usually tied to the soft supersymmetry
breaking scale [1,4,5]. The TeV focused composite
Higgs and Little Higgs models naturally have a U(1)’
extension. The recently constructed “little flavor” theory
[6-8] extends both gauge and fermion generations, con-
necting them with “little Higgs,” so as to provide more
experimentally allowed flavor off-diagonal options in both
the SM and its extensions.

“B.C.Allanach@ damtp.cam.ac.uk
'queiroz@mpi-hd.mgd.de
*alessandro.strumia@cern.ch
Ssichun @uw.edu

2470-0010/2016,/93(5)/055045(11)

055045-1

With the advent of the Large Hadron Collider (LHC)
those models have been scrutinized, excluding large
regions of parameter space [9]. On the other hand,
relatively old discrepancies between data and SM predic-
tions (such as the anomalous magnetic moment of the
muon (g —2) or anomalies observed in the flavor sector
[10-17], new physics searches in dilepton [18] and diboson
channels [18]) promoted some investigations to test
whether models of new physics are capable of accommo-
dating them. In this work, we will discuss how one can
accommodate the anomalies in a simplified framework,
focusing primarily on resolving the flavor anomalies and
g — 2. The latter measurement exhibits 3.6¢ evidence for
new physics contributions to the muon anomalous mag-
netic moment which has been measured with high precision
[19-22]. However, there are sizable uncertainties surround-
ing the hadronic corrections to g — 2 [23]. Thus, it is naive
to take the reported deviation at face value in the light of
such large theoretical errors. One could imagine taking
different conservative approaches. For instance, one could
try to accommodate the measured value at the 2¢ level, or
one could derive limits on the mediator/couplings involved
in the g — 2 loop diagram by assuring that the contribution
is smaller than the uncertainty in the measurement. Here we
will take the former approach and comment on possible
bounds if the latter approach had been followed.

Moreover, flavor physics poses some intriguing ques-
tions. Rare B decays mediated by the flavor-changing
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neutral b — s transition are sensitive probes for beyond
the standard model (BSM) physics. The decay B - K*(—
Krm)utp~ has a few observable quantities including the
branching ratio and the angular distribution of its four-body
final state. The measurement has been performed at B
factories [24], Tevatron experiments [25,26], LHCb [27],
ATLAS [27] and CMS [28]. According to some authors,
the LHCb measurements contain deviations from SM
expectations which require nontrivial explanation, since
several observables in B - K*(— Kz)u*u~ as well as in
other decays such as B, = u"u~, B— Kutu~, B — X,y
agree with SM predictions, within uncertainties. Moreover
the low value of recent measurements Ry = BR(B —
Kutu~)/BR(B —» Ke'e™) suggest beyond the standard
model lepton nonuniversality.

Hence, we have exciting and puzzling signals at our
disposal but the situation is far from clear, and attempts that
account for one anomaly at time in the context of a heavy Z’
boson have been put forth [11,12,16,29,30]. Here we revisit
such Z' scenarios using a search for dimuon resonances
from ATLAS and perturbativity of the Z' coupling, along
with updated constraints on the B, mass difference to show
that a class of Z’ models motivated by the LHCb anomaly
are disfavored by data, unless the Z’ is rather heavy and
strongly coupled. Solutions are found by suppressing the Z’
coupling to electrons and to light quarks and/or by allowing
for a Z' decay width into dark matter. Values of the Z’ mass,
Mz ~ 1.9 TeV, suggested by the diboson anomaly become
allowed.

Lastly, we propose a simplified model capable of
simultaneously addressing the discrepant anomalous
magnetic of the muon and flavor physics anomalies in a
similar vein to Refs. [9,31-33]. The model evades other
existing limits from precision flavor physics while predict-
ing interesting LHC phenomenology.

II. B - K*u"y~ ANOMALY IN Z' MODELS

Recent LHCb measurements of the angular distributions
in the B - K*u™u~ decay and the low value of Ry =
BR(B - Ku'u~)/BR(B — KeTe™) suggest deviations
from standard model (SM) expectations [10]. New physics
can fit such anomalies, provided that it generates the
following effective operator

4Gr a _ .
25 ag VsV whCo(5raPLb) (') + He. (1)

with coefficient ACy ~ —1.07 £ 0.26 [11,12,34,35].

In order to generate this operator, Ref. [17] considered
a “toy model” where the standard model is extended by
adding a massive Z’ that couples to leptons and to bs.
Going to more firm theoretical grounds, we extend the SM
gauge group adding one extra Abelian factor U(1)y, which
introduces a massive Z' boson. If the U(1), charges of the
left-handed quark doublets are flavor-dependent, the Z’

L
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acquires flavor-violating coupling to left-handed down
quarks, assuming that the Cabibbo—Kobayashi-Maskawa
(CKM) matrix mostly comes from rotating down quarks to
their mass-eigenstate basis (this is a plausible assumption
given that mass hierarchies among quarks with iso-pin
+1/2 are larger than those with iso-spin —1/2, smaller
mixing are expected. Motivated by these considerations
and by Eq. (1) we thereby consider the following minimal
Lagrangian:

zm _ _
LD m gﬂ(/’ly;uu + yﬂ}/ﬂPLl/ﬂ>
+g,(F" Pt + by"PLb) + 9, Y (ar"PLq)
q
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where P; = (1 —y5)/2 projects over left-handed fields and
the sum runs over ¢ = {u, d, s, c}. We assumed a common
7' coupling g, to Ist and 2nd generation left-handed quarks
(in order to avoid large flavor violation among light quarks),
a coupling g, to 3rd generation left-handed quarks ¢, b, and
one vectorial coupling g, to muons. Then, the coupling to v,
arises because of SU(2); invariance, and the coupling to bs
(as well as similar terms, that have been omitted) arises after
performing the CKM rotation to mass eigenstates in the
down sector. Figure 1 shows a process whereby these
effective Z' couplings can fit the B anomalies generating
the effective operator in Eq. (1) with coefficient

79,(9: — 94) 3)

ACy = — .
’ 2V2GEM2 acos? Oy,

A. Constraints

Here we discuss general limits on neutral vector bosons
that are of interest to the LHCb anomaly.

1. B, mass difference

The existence of a massive Z' gauge boson alters the
prediction of the mass difference (AMp ) of the B, meson,
whose deviation from the SM expectation can be approxi-
mated as [17]

0O~

FIG. 1. Z contribution to B — K*u "~ decay.
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FIG. 2. Z' contribution to LHC dimuon resonance production.

TeV2 M,
~ — 2 _ Z
Ag =3.1(g, gq)( Z/) {1 0.0291nTeV], (4)

where Ap = AM%; /AMp —1, My is the Z' mass and
g; — g, is the coupling between Z' and b, s quarks implied

by Eq. (2).
Current measurements impose the upper limit

|Ap | < 8.4% (5)

at 95% confidence level [36]. The resulting bound is shown
in Fig. 3, and is slightly stronger than in Ref. [17], where
the outdated bound |Ag | < 20% was used.

Having assumed that first generation quarks have a
common Z' charge, the ratio between the Z' correction
to ex and to AMp_is comparable to the SM prediction for
the same ratio. g then does not lead to an obviously more
stringent constraint than the AMp_constraint. Given that ex
involves extra model-dependent issues, we ignore it in the
following.

2. Electroweak precision data

The Z' gives rise to various corrections to electroweak
precision observables. Had we considered a Z’ coupled to
electrons (with a coupling g, comparable to g,, like in

Dimuon exclusion
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FIG. 3. Upper bound on the Z' couplings as function of the Z’

mass. We used dimuon resonance search data from an 8 TeV
20~ fb ATLAS analysis [37] and from 13 TeV data.
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Ref. [17]) observables measured at LEP with per mille
precision would have been affected at tree level, giving rise
to bounds of the form g2M%/M2, < 1073, too strong for
our purposes. We instead assumed a Z’ that does not couple
to electrons nor to the Higgs doublet, such that it is very
weakly constrained and its phenomenology is similar to the
muonphilic Z’ studied in [38].

The only observable affected at tree level is v, /nucleon
scattering, measured with per cent accuracy by the NuTeV
collaboration, which claimed an anomaly in the
(neutral current)/(charged current) ratio of deep inelastic
v,-nucleon scattering [39]. If this anomaly is not due to
underestimated SM uncertainties, new physics can fit the
NuTeV anomaly, provided that it generates the following
effective operator [40]

4Gr a -
£ (=38%14) = (0" Q) (BuraPrrs)  (6)
where Q are the SU(2), left-handed quark doublets.
Although this operator has a structure analogous to the
one suggested by the LHCb anomaly, see Eq. (1), the
coefficient in Eq. (6) is significantly larger. Thereby
the Z' motivated by the LHCb anomaly generates this
operator with a coefficient smaller than what is needed
to fit the NuTeV anomaly, at least unless one assumes
l9: — 94 < g,- Viewing NuTeV data as a one-sided bound,
it is safely satisfied in the parameter region of our model
which successfully explains the LHCb anomaly.

The precision observables measured with greater than
per-mille accuracy are affected only at the loop level.
Among them, the most precise measurements are those in
the lepton sector. The Z' affects the Z — pu width as well
as the relative forward-backward asymmetry, measured at
LEP. Given that the bound is relatively weak, it is enough
for our purposes to estimate it as

2 2
G M _3
A, ~ 1073. 7
H (4ﬂ)2M§,< )

Furthermore, the anomalous decay moment of the muon
(discussed later), and the p decay rate (considered in
Ref. [17] as a “CKM unitarity bound”) only receive
corrections proportional to m?/M2,.

3. ATLAS dimuon resonance search

Searches for dilepton resonances at the LHC have
proven to be an excellent probe of models that predict
new neutral vector bosons that have sizeable coupling to
leptons [41-48] (see Fig. 2). In particular, bounds on the
mediator mass coming from dilepton searches are more
stringent than those from dijets searches in most models
due to a reduced background, except for models in which
the new neutral vector bosons are leptophobic [49-53]. In
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order to evaluate the constraints from the 20 fb~!, 8 TeV
ATLAS data [37] and from 13 TeV first run data [54] with
3.2 fb~!. The dilepton invariant mass spectrum is the
discriminating factor in both searches, and since no
significant deviations from the standard model expectation
has been observed restrictive bounds were placed. we
implemented the model in FEYNRULES2.0 [55] and later
used MADGRAPHS [56] to simulate signal events. We
simulated dimuon pair production with up to one extra
jet, and accounted for showering, hadronization, detection
effects and jet clustering using PYTHIA8.212 [57] and
DELPHES3.0 [58] packages and compared with the back-
ground reported in Refs. [37,54].

Figure 3 displays the upper bound on g, as a function of
My for g, = g, = g,- The bound can be rescaled to generic
values of the couplings g,, g,, g, taking into account that, in
the narrow width approximation, the signal rate scales as

9
o(pp = Z' - pp) x 5—EF——. (8)
g+ 4% + 247

4. Perturbativity

Imposing that the gauge coupling of a generic Z' can
be extrapolated up to the Planck energy without hitting
Landau poles implies an upper bound on its width

FZ’ T 1 N
M, < 20 Mp My 0.04. 9)
This model-independent condition holds because the same
diagram generates both the real part of the Z’' propagator
(that dictates the renormalization group running) and the
imaginary part of the Z' propagator (that describes the
width), with a universal relation among them. New physics
at very large energy can affect this bound, making it

My =16TeV,g =0

Mz =19TeV,g =0
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stronger if extra scalars or fermions charged under the

U(1) are present, and weaker if extra vectors are present

such that the U(1) gets embedded in a non-Abelian group.
In the case at hand we have

Ty g%+ 495 + 297
My 8m(2cosOy)?

(10)

This only excludes the upper corners (in red) of the panels
in Fig. 4.

Furthermore, as an extra naive and semiquantitative but
reasonable perturbativity condition, we impose that the Z’
gauge couplings to muons, g,, and to quarks, g, [precisely
defined by Eq. (2)], must be smaller than ~1. This excludes
the region in orange in Figs. 4-5. The reader should keep in
mind that this requirement is reasonable but the precise
value of the perturbative bound is arbitrary. New physics
effects that accommodate the LHCb anomaly can be
obtained within the perturbative regime [12]. To the best
of our knowledge there is no strongly coupled U(1) gauge
theory that arises naturally, see for instance, left-right
models [59-63], little Higgs models [6,64—-66], gauged
baryon and lepton number models [50,52,67,68] or 3-3-1
models [69-81].

B. Combined analysis

We are now ready for a combined analysis.

In Fig. 4 we show the region favored at +10 by the
LHCb anomaly (in green), compared to the exclusion
bounds discussed before: from AMp_(gray regions), from
perturbativity (red regions), from dimuon data (magenta
regions) and from electroweak precision data (the bounds
are so weak that they not appear in the plot). We made
plots in the (g,.|g,|) plane, assuming g, =0 and for a
few representative values of M . In the middle panel

My =2.6TeV,g =0

14F 1.4F 14F
12 2 12 <CZ ]

o H 1.2+ 2+ uon H

b, 1

& 10f ~ perturbativit h = 1oL ~ perturbativty S 10} ~ perturbativity b
2 Z [ Z ]
S S b S 1
g 08f H E 08f g 08f \«
e e [ <, e 1
o L]yo 50 [ 6’06 o ]
£ 06f b be, H £ o6l by, £ 06f i
g Lty R % & ]

o =} =}
Q o F 5] 1
N 04 1 N 0'4f N 04 1
02} > i 02  dimuon . 02f > ]
dimuon = r 5 ,;5

000 vy 00k v v vy vy L N S e e
00 01 02 03 04 05 06 00 01 02 03 04 05 06 00 01 02 03 04 05 06

Z' coupling to quarks |g,|

Z' coupling to quarks |g,|

Z' coupling to quarks |g,|

FIG. 4. Region in the plane (g,.g,) of Z' couplings to quarks and to muons that accommodates the LHCb anomaly (in green),
superimposed with limits from dimuon data (in magenta), from the B, mass difference (in gray) and perturbativity (in red) for different
values of the Z' mass. Electroweak precision data give a weaker bound on g, which does not appear in the panels.

055045-4



7' MODELS FOR THE LHCB AND g —2 MUON ... PHYSICAL REVIEW D 93, 055045 (2016)
My =16TeV,g =-2g, Mz =14TeV,g =0,BR;, =09 Mz =2.TeV, g, =0, BR;,, = 0.8

14F ! 1.0 1.2
[ g
r 3
121 H t =
0sl ] 1.0 H S H
s 10f *P turbativity b & [ = perturbativity
g g | - z 08 s |
S S perturbativity S
E] 0.6+ =1
E 08 T L E Cb beg; fir
i dimuon *3] F i 0.6 - H
£ 06 { £ [ imuon g
% % 041 LH 5 %
s} 2 r Cp S 04} A
S S L S -
N O04r 1 N [ N
021 H
Ly 02} il
02t T ' < ' £
1t L
E [ = s
0.0t : : : : 0.0k . . n n 00t . . M e
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Z' coupling to quarks |g,| Z' coupling to quarks |g,| Z' coupling to quarks |g,|

FIG.5. Asin Fig. 4, but adding extra Z’ decay modes into #7, bb (left panel) or into invisible modes, such as dark matter (middle and
right panels). The presence of extra decay modes suppress the dimuon limits, allowing for global solutions of the LHCb anomalies for
lighter values of the Z’ mass.

we considered M, = 1.9 TeV, a value for which a small  increased total Z' width, the perturbativity bounds on
7' — ZZ or Z' - WTW~ decay width (as in [7]) might fit T, /M, of Eq. (9) become stronger and start becoming

the diboson anomaly [18]. a limiting factor (red regions in Fig. 5).
Compared to earlier analyses [17] we used new and
updated data, we included dimuon data, we used a different III. A NEW SIMPLIFIED MODEL FOR LHCB
and more solid theoretical framework, we assumed that the AND MUON g — 2 ANOMALIES
7' does not couple to electrons (which allows us to fit the Ry
anomaly) and in order to avoid strong electroweak bounds. A. Framework and fit to the anomalies
These new constraints, and in particular the inclusion The muon i’nagnetic moment has been measured in the

of LHC dimuon data, 1mplles that the Z’ models cannot fit Brookhaven ]ab()ratory’ which used a ring of po]arized
the LHCb anomalies, unless the Z’ is heavier than about muon beams [21,22]. The experiment was able to reach
2.5 TeV. In such a case, the Z' should be seen in early run II a precision with unprecedented Sensitivity which
data. Heavier Z' bosons need larger gauge couplings, which  intriguingly resulted into a 3.6¢ excess over the standard
raises issues with perturbativity. model prediction with A(g—2)/2 = (295 +81) x 107!,
In view of the strong impact of dimuon data, letus discuss  Theoretical uncertainties in hadronic corrections (namely
how they can be weakened. The ATLAS dimuon data put  hadronic vacuum polarization and light-by-light scattering)
limits on the quantity o(pp — Z') x BR(Z' — pup). blur the significance of the excess, but the g — 2 measure-
One way of weakening the dimuon limits consists in  ment at Fermilab along with a concerted effort to improve
reducing o(pp — Z'), which is proportional to g7. So far  the accuracy of the SM theoretical prediction should
we assumed |g,| < |g,| i.e. a Z' that couples dominantly to  decisively clarify the anomaly.
light quarks. In the opposite limit |g,| < |g,| of a Z' that Motivated by this long standing excess and the LHCb
couples dominantly to third generation quarks, the Z’  anomaly discussed above, we consider a model that
coupling to light quarks is CKM suppressed, and the  extends SU(2); ® U(1), with an extra Abelian gauge
dimuon bound is no longer constraining. Figure 4 can group U(l)X and two additional lepton fields: a vectorlike
be reinterpreted as having |g,| (rather than |g,[) on the  lepton electroweak doublet (¢, ¢") and vectorlike singlet y'.
horizontal axis by just omitting the dimuon bound.  Theleft-handed partof £, £ i, and the right-handed part of
Furthermore, in the left panel of Fig. 5 we consider an  #', gy, are charged with the quantum numbers (2, -1, —x)
intermediate situation, g, = —2g,, finding that a Z’ with  and  (1,-1,—x) under SU(2), ® U(1), ® U(1)y,

1.6 TeV mass becomes allowed. respectively. We redefine a SM-like Dirac fermion

Another way of reducing the dimuon limits consists in L = (£}, pgy)”- L can be very heavy since it mostly
keeping g, sizeable and reducing BR(Z'" — uyu), by assum- gets. its mass from the vectorlike particle mass term
ing that the Z' has a sizeable branching ratio into dark M ,£'¢' + M,u'y/. Note that both the SM fermions and
matter particles, as actually predicted in some models [43].  new leptons are charged under the new U(1)y. For

This situation is explored in the middle and right panels of  simplicity we assume here that the Z’' gets mass from a
Fig. 5: we see that global solutions are now allowed for M different scalar rather than the SM Higgs, so the SM Higgs
as light as 1.4 TeV (middle panel). However, in view of the ~ does not have U(1)y charge. This assumption also forbids
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FIG. 6. Diagrams contributing to the muon anomalous mag-
netic moment. Upper: The dominant contribution to g — 2 occurs
when both the new charged lepton and the Z’ boson run in the
loop. Lower: The Z’ correction which is subdominant.

the new Z' gauge boson mass eigenstate from mixing with
the SM Z mass eigenstate at tree level. Notice that it still
allows the new lepton doublet and lepton singlet to have
potential Yukawa couplings to the SM Higgs doublet. This
leads to deviations in electroweak observables, but these
can be easily avoided by a suppression of the vectorlike
Yukawa couplings.

Consequently, the new charged fermion L can have a
purely vectorlike coupling to the Z’ since the left-handed
and right-handed fermions have the same Z’ charges and
the Lagrangian piece relevant for the muon magnetic
moment is

‘Ceff ) dllﬁyﬂLZ[/l + ﬁyﬂ (gi:y - ySQaﬂ)MZ;t' (l 1)

In order to account for the LHCb anomaly, a vector
coupling to muons is needed. Such a setup can be achieved
in several extensions of the SM by simply choosing the left
and right-handed field components to transform similarly
under the action of U(1), (see Table I of [43] for explicit

= |

Aa

10710

5 109
1074 — Mz=1TeV E
—_— Mz=12TeV
— Mz=15TeV

1 1
102 10°
M, (GeV)
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examples). Under these assumptions, the Z' possesses only
vectorial couplings to the exotic charged lepton and the
muon, i.e. g,, =0. Notice that there are two diagrams
giving rise to corrections to g — 2, as shown in Fig. 6. One
is a diagram containing one new particle only, the Z’, and
another with the exotic charged leptons and the Z’ running
in the loop. We have explicitly checked that the Z’
correction to g—2 is negligible compared to the one
involving the new charged lepton. The result is

1 m2 [l @GP, (x) + g2P,(x)
A [)=_ K vy al a 12
a(L) 87T2M%,A x(l —x)(1 = A%x) + €*4%x (12)

where

P,(x)=2x(1-x)(x=2(1—¢)) +22(1 —€)’x*(1 + € — x)

P,(x) =2x*(1 +x+2€) + 2>(1 +€)*x(1 —x)(x —¢),
(13)

where M; is the fermion mass running in the loop,
e=M;/m, and A =m,/My. In the My > M, limit,
Eq. (12) becomes

(14)

Itis clear from Eq. (14) that the larger M| is, the bigger is
the correction to g — 2 from the vectorial coupling. This is
due to the fact that there is a necessary mass insertion in the
loop correction of g — 2 to flip the chirality. The approx-
imations lose accuracy in the regime where M; and M/, are
comparable and in that case, one should solve Eq. (11)
numerically (we did with the help of the Public
computer program [82], https:/sites.google.com/site/
farinaldoqueiroz1983/home/publiccode). In Fig. 7 we
present the contribution to the muon anomalous magnetic

10
20 /
2
o 100 .
—_— My =1TeV
— Mz=12TeV
— Mz =15TeV
10710

1
10°
M, (GeV)

FIG.7. Correction to the muon magnetic moment arising from the presence of both the Z’ and the new charged leptons. It is clear that
for g, = 0.1, one needs a relatively light new charged lepton to accommodate g — 2, whereas for g/, = 0.05, one can simultaneously
address the g — 2 and LHCb anomalies with a TeV scale charged lepton and M, = 1.2-1.8 TeV, whilst remaining compatible with
existing limits. A much larger region of parameter space may account for the anomalies once other couplings strengths are used.
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moment arising from our model for two specific values of
the vector coupling, g, = 0.1 (left panel) and g, = 0.05
(right panel), respectively, for several Z’ masses. The green
band delimits the 2o region that accommodates the muon
anomalous magnetic moment. Itis clear from Fig. 7 that with
TeV scale masses we can accommodate the g — 2 anomaly.

However, in order to simultaneously address the LHCb
and g — 2 anomalies, dark matter or visible states should be
added in addition to our effective framework. We have
shown that the addition of dark matter or other light states
to a class of Z' models opens up a new window to
accommodate the LHCb anomaly and the inclusion of
an exotic charged lepton that has purely vectorial couplings
to the Z’' gauge boson might foot the bill.

Notice that we did not explicitly list couplings between
the Z' gauge boson and the dark matter particle, but this
can be easily realized with vectorlike Dirac dark fermions,
which would play the desired role of relaxing the ATLAS
dimuon resonance search constraints. In the left hand panel
of Fig. 7, Z' decays into dark matter are not needed, since
the Z' may decay into new charged leptons instead. The
new charged leptons are relatively light with masses of
200 GeV or so, within the reach of the next generation of
leptonic colliders. In the right-handed panel of Fig. 7, on
the order hand, the Z’ is not heavy enough to decay into the
new charged leptons, whose masses are mostly at the TeV
scale, to explain muon g — 2 but in agreement with recent
collider limits from the LHC [83]. In this case the presence
of dark matter or any other light species would be required.
We will now turn our attention to existing constraints.

B. Experimental constraints

As we show above, allowing BSM decay modes of the Z’
allows it to be heavier while still explaining the LHCb
anomaly. Allowing the Z'Lu coupling allows the Z’ to be
heavier while still explaining the g-2 anomaly. Because the
Z' is allowed to be heavier, other flavor bounds are less
constraining. Thus, the addition of BSM states to the Z’
leads to a framework that is less constrained.

1. Z - 4¢

The ATLAS and CMS collaborations measured the
branching ratio of the SM Z decay to four Ileptons
(Z - 4¢), finding BR(Z — 4¢) = (424+0.4) x 107°

FIG. 8. The Z — 4¢ diagram through a Z'.
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FIG. 9. The Z — u*u~ decay diagram via Z'.

[84] (see Fig. 8). This constraint is quite restrictive for
our class of Z’' models in the M, < M, mass regime [85],
which is not the case for our model. The new physics
contribution to this process that would arise from replacing
the Z in the second vertex by the Z’ is highly (as shown) is
mass suppressed.

2. Z - pu

The precisely measured Z — uu decay receives correc-
tions from diagrams with the heavy charged lepton and the
7' gauge boson running in the loop as shown in Fig. 9. This
decay is naturally suppressed due to the TeV scale masses
of both charged and Z' gauge boson.

3. Neutrino trident

Z' vector fields that only or mostly couple to leptons are
constrained by the process shown in Fig. 10 [86]. In the
heavy mediator regime, one can write down a dimension
six effective Lagrangian operator g2, (fiy* ) (0y,PLv)/ M2,
and derive a bound on a function of the coupling and Z’
mass, namely M /g,, 2 750 GeV [86]. This bound is
safely obeyed by our model.

4. T decay

The Z'Lu coupling leads to a correction to = decay
through the one-loop box diagram in Fig. 11:

BR(7 = pv,1,)

=1409. 15
BR(7 — uv.0, )sm i 15)

Comparing the experimental value [87] with the SM
prediction for the tau lifetime [85], we find

FIG. 10. Neutrino trident process that leads to constraints
on the Z! coupling strength to neutrinos-muons, namely
Mz /gy, Z 750 GeV.
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FIG. 11. One of the box diagrams giving a correction to the
7 = uv,v, with the new BSM 7', L.

5= (7.0£3.0)x 1073, (16)

We can approximate the box diagram contribution from the
extra Z', L, in the M; ~ M, > My, limit as

_ g miy
42 M2,

(17)

The interaction strength between W, L and v is fixed by
SU(2), invariance to be g, the SU(2) gauge coupling
strength. For ¢, < 0.1, our framework satisfies the current
upper limits on &.

5. Z' decays into new particles

In our scenario, the Z’ decays SM particles, but also into
the new lepton L, giving rise to the decay channels which
include Z' - uL and Z' - LL, followed by L — Wu,.
Thus, the Z' might produce, in addition to dimuon
resonances, WW plus missing transverse momentum
(Pr), or Wupr signatures that we plan to investigate in
future. The W’s will then subsequently decay either into
either a boosted hadronic W-jet or into a lepton plus p7.

C. Potential ultraviolet completions

In our simplified framework, we chose the heavy leptons
to be vectorlike in order to give them large masses, whilst
avoiding constraints on fourth generation chiral particles.
The electroweak precision tests are still reasonably well
satisfied since contributions from fermions with opposite
chirality cancel.

We dub this as an “effective Z' + L” setup, as distinct
from a conventional minimal Z' model [88]. The extra
lepton fields are introduced to potentially incorporate
different flavor scenarios. The couplings in this model
(such as family nonuniversal couplings) can arise in
different ways in explicit models [89], vectorlike fermion
extensions [90], or considering an effective approach
where all Z' couplings are only be generated by higher
dimensional operators following the same arguments as
in Ref. [91]. We summarize different types of effective
couplings between the Z' and fermions below:
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(1) SM flavor diagonal and off-diagonal Z’ couplings.
They have the potential to explain the LHCb
anomaly.

(2) SM leptons and BSM lepton Z' couplings giving
rise to the muon anomalous magnetic moment
deviations.

(3) New heavy lepton couplings to Z’: these open up
new decay channels for Z’ searches, reducing the
decay branching ratio to SM fermions and weaken-
ing Z' leptonic resonance searches.

The effective approach allows us to treat all three types
of couplings as free parameters, although in most of the UV
completed models these parameters will be related. This
“effective Z' + L can arise from certain types of “little
Higgs” model, or nonminimal supersymmetry. One of the
reasons to have extra vectorlike fermions is to decouple
the new Z’ from the SM fermions. In the “little flavor”
[6-8] model, [SU(2) x U(1)]* breaks down to a diagonal
[SU(2) x U(1)]gy subgroup via the little Higgs. The addi-
tional SU(2) (predicting mixed ZWW’ vertices) can provide
a possible explanation for the diboson anomaly [18]. The
SM fermions and extra vectorlike fermions are charged
under different copies of the original [SU(2) x U(1)] and
end up both charged under [SU(2) x U(1)]gy. This leaves
the SM couplings of fermions and gauge bosons unaltered,
whilst ensuring a skew factor in the BSM couplings of
heavy fermions and gauge bosons. A similar mechanism
also decouples the Kaluza-Klein resonances of gauge
bosons and fermions in Randal-Sundrum models. For more
discussion on the effective Z' couplings, see Ref. [91].

IV. CONCLUSIONS

We revisited the LHCb anomalies in B decays in the
context of models with an extra Z’ that couples to quarks
and muons, finding that such an interpretation is tightly
constrained by the ATLAS dimuon resonance search, by
the B, mass difference, and by perturbativity arguments.
We have shown how the LHCb anomaly can be fitted
compatibly with all constraints by a Z' that dominantly
couples to third-generation quarks, or that has a sizeable
branching ratio into dark matter or similar species.

We later proposed an effective Z' model with extra TeV
scale vectorlike fermions, finding that it can reconciles both
the measurement of g —2 and the LHCb anomaly while
obeying existing limits such as those coming from z-decay,
the neutrino trident process and Z — 4¢. Such Z’ is a viable
option to explain the LHCb and g — 2 anomalies.
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