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Fermiophobic Z' model for simultaneously explaining the

muon anomalies Ry and (g-2) u
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We discuss a simple renormalizable, gauge invariant model with a fermiophobic Z’ boson: it has no
couplings to the three Standard Model (SM) chiral families, but does couple to a fourth vectorlike (VL)
family. The SM Higgs couples to the fourth VL lepton, leading to an enhanced contribution to the muon
anomalous magnetic moment (g — 2) - The latter contribution requires a nonvanishing coupling of Z' to
right-handed muons, which arises within this model due to mixing effects between the SM and VL
fermions, along with Z’ couplings to the second generation SM lepton doublet and third generation SM
quark doublet. This model can simultaneously account for the measured B-decay ratios Ry and (g — 2) u
We identify the parameter space where this explanation is consistent with existing experimental
constraints coming from B, — B; mixing, neutrino trident production and collider searches. We also
check that the SM Higgs coupling to the fourth VL lepton does not produce a dangerous contribution to the

Higgs diphoton decay.
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I. INTRODUCTION

Although the vast majority of particle-physics data is
consistent with the predictions of the Standard Model
(SM), in recent times a conspicuous series of discrepancies
in flavor observables has been established. One example
is the discrepancy in rare flavor-changing processes
mediated by quark-level b(b) — s(3)¢7 transitions,
explored in the past by BABAR [1] and Belle [2], along
with LHC [3.,4]. In particular, the ratio of B-mesons
decaying to K#"#~, which involves a b — 5£7 transition,
has been recently measured by LHCb [5] in the dilepton
mass-squared range 1.1 < g*> < 6 GeV? for the final states
Uy over ete”,

(.16)  Br(B — Kutyu~)

R =—— " T J_846T00% 1
K Br(B — Kete™) —0:041 (1)

along with the ratio of B-mesons decaying to K*£T¢~,
measured in the past by LHCb [6],
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RIS _ Br(B — K*u*u~)
K Br(B = K*ete™)

= 0.69715. (2)

Within the SM, lepton universality predicts R« = 1, up
to corrections of order 1% [7—-11] due to the different mass
of muons and electrons. Hence, the previous observations
of Ry seem to indicate the breaking of SM lepton
universality, up to the 3.16 [5S] of the most updated
measurement of Ry, while R+ is compatible with the
SM expectations at 2.4 — 2.5¢ [6].

The apparent discrepancy of Ry, with the SM may be a
hint of new physics. Following these recent measurements
of LHCb, a number of phenomenological analyses of this
data, see, e.g., Refs. [12-24], favor new physics operators
of the form 5, y,b ji v uy or 5.y,byjigy* ug. In particular,
Ry can be explained by only the purely left-handed (LH)
operator with a coefficient A=> where A ~ 40 TeV, or also
by a linear combination of both. Promising candidates for
the arise of such effective operators are tree-level exchange
of a hypothetical, electrically neutral and massive Z' boson
(see, e.g., [25-30]) with nonuniversal couplings to SM
fermions, or the contribution of a hypothetical leptoquark
(L Q) coupling with different strengths to the different types
of charged leptons (see, e.g., [31-34]).

Independent of the Ry, anomaly, there also exists a
discrepancy with the SM predictions in the experimentally
measured anomalous magnetic moments a = (g — 2)/2 of
the muon and possibly the electron. The long-lasting
noncompliance of the muon a, with the SM was first
observed by the Brookhaven E821 experiment at BNL [35].
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This discrepancy has been recently confirmed by the most
recent measurement of the Fermilab experiment [36],

Aa, =a,—aM = (251 £0.59) x 10, (3)

aresult 4.2¢0 greater than the SM prediction [37-57] and in
excellent agreement with the previous BNL E821 meas-
urement. Such a discrepancy can also be addressed by Z’
models [58-66] or leptoquarks [67—69], along with models
involving extended scalar content and/or vectorlike (VL)
fermions [70-73]. In particular, the minimal Z’' explan-
ations [58] require to introduce 7 — ¢ couplings in order to
obtain an enhanced contribution proportional to m,. In such
models, dangerous contributions to the flavor-violating
processes T — 3p or T — uy may arise, along with possible
breaking of lepton universality in leptonic tau decays,
which is currently unobserved. Instead, Refs. [59-66]
consider a fermiophobic Z" model where the Z’ couplings
with SM fermions are obtained through mixing with a 4th
VL family. An enhanced contribution to Aa, is obtained
through a coupling between the SM Higgs and a 4th VL
lepton, although it has to be checked that such a coupling
would not spoil the existing Higgs diphoton decay data.
Moreover, this contribution requires a nonvanishing cou-
pling of Z’ to right-handed (RH) muons, in such a way that
a purely left-handed explanation of Ry, as in previous
studies [29,30], cannot be performed in this case. The fact
that the latest phenomenological analyses [23,24] leave the
possibility to include an effective operator 5, y, by jigy* g in
the explanation of Ry, opens the possibility to explain
simultaneously Ry and (g —2), within this Z" model.
However, it has to be checked whether such simulta-
neous explanation of both anomalies can also preserve all
currently released high energy experimental data, such as
the measurement of the mass difference AM| of neutral B,
mesons, the observations of neutrino trident production and
the most recent collider signatures. Ideally, such a model
should be imminently testable with well-designed future
searches. Moreover, U(1)" extensions of the SM can be
affected by Landau poles well below the Planck scale, and
in some cases only a few orders of magnitude above the
TeV scale [74]. However, we consider here a bottom-up
approach, where the U(1)" extension acts as an effective
low energy theory, which would be embedded into a larger
symmetry group below the energy scale of the Landau pole.
Regarding the electron g — 2, there also exist measure-
ments which suggest a possible discrepancy with the SM
[75,76]. In [59], a similar Z' model was considered for
addressing both the electron and muon ¢g—2. It was
concluded that it is not possible to address both anomalies
simultaneously, mainly due to the strong bounds coming
from Br(u — ey) and neutrino trident. The fermiophobic Z’
model is a good candidate to explain either (g—2), or
(g —2), (respecting all constraints) but not both simulta-
neously. Instead, in this article we will try to address both

(9—2) . and R, simultaneously, which are insensitive to
electrons, hence no prediction for (g —2), will be given.

There are other Z' models in the literature which address
both anomalies by considering a 4th VL family. In [60] the
couplings to muons are loop-induced, while the model in

[61] contains an extra Z (11) X Zgz) discrete symmetry and the
7' in [62,63] is not fermiophobic. The models in [64,65] are
similar model to that considered here but with general
mixing between VL and SM fermions, which leads to a
large number of parameters, including all possible Z’
couplings to SM fermion, along with dangerous FCNCs
and Z —Z' kinetic mixing. Such a framework makes it
difficult to systematically explore the parameter space, and
instead a search of best fit points is performed. Moreover,
such analyses reveal that the relevant parameters to simulta-
neously address Ry and (g —2), are only Z’ couplings to
bs quarks and muons. Hence, in contrast to the analyses in
[64,65], in the present paper we consider a simplified Z’
framework involving the fewest number of parameters in
which the explanation of both anomalies can be simulta-
neously realized, allowing a systematic exploration of the
parameter space.

The remainder of this article is organized as follows: in
Sec. II we outline the renormalizable and gauge invariant
fermiophobic model in which the Z' only couples to a
vectorlike fourth family. In Sec. III, we show how it is
possible to switch on the couplings of the Z' to the muon and
bs-quarks through mixing with the VL fermions, thereby
eliminating all unnecessary couplings and allowing us to
focus on the connection between the Ry and (g-—2),
anomalies. The phenomenology and the constraints that
affect this model are presented in Sec. IV. In Sec. V we

TABLE 1. Particle assignments under SU(3),.x SU(2), x
U(1)y x U(1)" gauge symmetry, i = 1, 2, 3. The singlet scalars

¢;r (f=Q.u.d L,ev) have U(l) charges -—q; =
_QQ,/,,uA‘d,,,LA‘eA;,u,, [28]
Field sSU(3), SU(2), U(l), U1
QLi — (ZL”) 3 2 1/6 0
Li
Uy 3 1 2/3 0
d; 3 1 -1/3 0
Lo () 1 2 -1/2 0
Li eri
€Ri 1 1 —1 0
014.Ora 3 2 1/6 do,
URy4,s L:iL4 3 1 2/3 qu,
dRs, ({L4 3 1 -1/3 da,
L, Lgs 1 2 -1/2 qr,
€R4s €4 1 1 -1 de,
VR4 V4 1 1 0 qu,
br 1 1 0 =4y,
_ nt 1 2 1/2 0
H= ((v+h°)/\/§> /
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systematically explore the parameter space of the model, and
we also display and discuss the results from our analysis.
Finally, Sec. VI concludes the article.

II. THE MODEL

The model [28] (Table I) includes the three chiral families
of left-handed (LH) SU(2), doublets (Q;,,L;;) and right-
handed (RH) SU(2), singlets (ug;, dg;, eg;) of the SM,
i =1, 2, 3; along with one vectorlike family of fermions
(formed by LH and RH SU(2), doublets Q;4,L;4, and
Qga> Ly, together with LH and RH SU(2), singlets
MR4’dR4v €Ra, VR4 and ﬁL4,EZL4, EL4’DL4)- The vectorlike
fermions are charged under a gauge symmetry U(1)’, while
J

the three chiral families remain neutral under this symmetry,
which is the reason behind the model being called
fermiophobic. The scalar sector is augmented by gauge
singlet fields ¢, with nontrivial charge assignments —q,,
under the new symmetry, which are responsible for
spontaneously breaking U(1)’ developing vacuum expect-
ation values (VEVs) (¢;). The Z' boson generated after
the symmetry breaking has a mass at the same scale (¢;).
On the other hand, the vectorlike neutrino singlets would
lead to the type Ib seesaw mechanism for generating the
light neutrino masses, which was introduced in [77],
although this is beyond the scope of this article.
The full renormalizable Lagrangian is

Lren = )’?,'QLIHUR,' +V{:0LHdg; + y5 L iHeg; + ViOraHugy + yOraHdpy + yiLi4Hepy + y4L14Hupy
+ xiQ¢QQLiQR4 + xbpp Ly Lgg + x4 ipaug; + x?d’zamdm + x{ierqeg
+ M 0140s + MELyyLgy + Miiipqugs + Midpadgs + M§Eaeps + MyDpavgs + Hee. (4)

where H = ioc,H*, i = 1, 2, 3. The requirement of U1y
invariance of the Yukawa interactions involving the fourth
family yields the following constraints on the U(1)’
charges:

=qy,. (5)

It is clear from Eq. (4) that fields in the 4th, vectorlike
family obtain masses from two sources. Firstly, from
Yukawa terms involving the SM Higgs field, such as
y$L; 4Heg,, which get promoted to chirality-flipping fourth
family mass terms M§ once the SM Higgs acquires a VEV.
Secondly, from vectorlike mass terms, like M4 L; 4L g4. For
the purpose of clarity, we shall treat M{ and M} as
|

90, = 9u, = 44,> qdr, = 4e,

D, = diag(0,0,0, ¢q,).
D, = diag(0,0,0,¢,,).

At this stage, the SM quarks and leptons do not couple to
the Z'. However, the Yukawa couplings detailed in Eq. (4)
have no requirement to be diagonal. Before we can
determine the full masses of the propagating vectorlike
states and SM fermions, we need to transform the field
content of the model such that the Yukawa couplings
become diagonal. Therefore, fermions in the mass basis
(denoted by primed fields) are related to particles in the
interaction basis by the following unitary transformations

Q; =V, 0r,
LIL - VLLLL’

/ !
MR = VuRuR’ dR = VdeR,

/o A
er =V, er, Vg =V, g (8)

D, = diag(0,0,0, gy,).
D, = diag(0,0,0,¢q,,).

[
independent masses in the analysis of the physical quan-
tities of interest, rather than constructing the full fourth
family mass matrix and diagonalizing it, since such
quantities rely on a chirality flip and are sensitive to M§
rather than the vectorlike masses M%. Spontaneous break-
ing of U(1)" by the scalars ¢, spontaneously acquiring
VEVs gives rise to a massive Z' boson featuring couplings
with the vectorlike fermion fields. In the interaction basis
such terms will be diagonal and of the following form:

L3 = ¢ 7,(01Dor*Qy + ugD,y*ug + dgDgy*dg
+ LDy Ly + egD,yteg + DgD,y ug), (6)

where

D, = diag(0,0.,0,gy,).
D, = diag(0,0,0,¢,,). (7)

This mixing induces couplings of SM mass eigenstate
fermions to the massive Z’, which can be expressed as
follows

Dy=Vy,DoVy,. Dy=VuD,Vi,. Dy=V4DV} .
D,=V,D,\V!. D,=V,D,\Vi.

©)

D, =V,,D,V} .

III. MIXING

In this article, we consider a minimal mixing framework'
in which both anomalies Ry and (g—2), can be
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simultaneously addressed. This requires that the 4th VL.
fermion family mixes only with the third generation of the
SM quark doublet and with the second generation of the
SM lepton doublet and singlet,

Vo, =V, Vi, =Vi, V=V o (10)
where
10 0 0
Vo 0 1 0 0 "
710 0 cost?  sindd | (1)
0 0 -sin 93Q4 cos 93Q4
1 0 0 0
VLo 0 cos@y® 0 sin@yr (12)
* o 0 1 0 ’
0 —sin@5® 0 cos@ht
so for the matrices in Eq. (9) we obtain
Dy =V$Dy(VEH)
00 0 0
00 0 0 A
“90 100 (sin62)>  cos6Zsingd | (13)
0 0 cos6%sind?, (cosb%)?
Dy =VyDy (Vi)'
0 0 0 0
0 (sind5:)* 0 cos@tsindh
“o 0 0 0 - 19
0 cosOstsindy: 0 (cosOhk)?
D, =V3iD (V33)'
0 0 0 0
0 (sin€5%)? 0 cos65%sind5k
=4qL . (15)
“10 0 0 0

0 cos@5ksinds% 0 (cosd3k)?

hence in this basis the relevant Z' couplings read

Ly D Z(gopbrr"br + ghfipyur + gRJirr*ur). (16)

where

'Such a simplified mixing framework could be enforced by
introducing some family symmetry, however a discussion of this
is beyond the scope of this article.

9pb = QIQQ4(Sin 9?4)2’ (17)
b = 9'qr,(sin035)°, (18)
gR =g qu,(sin05%)%. (19)

We also obtain a CKM suppressed bs coupling in the basis
in which the up-quark mass matrix is diagonal. In this basis,

Vekm = VLL, and we find the couplings
Z/ngELyﬂva (20)

where

9bs = IopV1is = G40, (sin 0%,V . (21)

and V,;; ~ —0.04. Usually Ry can be addressed with just
gps and gﬁﬂ couplings (see, e.g., [28-30]), but we also need
gk, in order to simultaneously explain (9—2), in this
model, as we shall see in the next section. Moreover, here
both anomalies Ry« and (g-—2) , are insensitive to
electrons and taus, hence the electron and tau related Z’
couplings and mixing angles are free parameters.
Therefore, no prediction is given in this model for decays
with taus like B — K*)77 and other LFV processes like
T — zu. This is different from other Z' models such as
(58], where Z' couplings with taus are involved in the
explanation of (g —2),.

IV. PHENOMENOLOGY AND FLAVOR
CONSTRAINTS

A. (g-2),
The diagrams displayed in Fig. 1 lead to Z’-mediated
contributions to the muon anomalous magnetic moment,
namely [59]

2

m
Aaﬂ = _871'2—;/[%, (|gﬁﬂ|2 + |g/lfﬂ|2>F(m/2l/M2’)

+ (Ig5e* + 195 F(mg /M3,
+ Re[gh, (98,)1G(my/ M3,)

MC
+Re[g/I;E(9§E)*} m_4G(m125/M2/) ) (22)

where G(x) and F(x) are O(1) loop functions, and m; is the
propagating mass of the 4th lepton. In our case, my ~ M%
since we consider that the dominant source of mass for the
4th lepton is vectorlike, i.e., M4 > M. For the upcoming
sections we shall fix ML =5 TeV, in order to preserve
MY > MY for a chirality-flipping mass M§ of order GeV.
The couplings between muons and VL leptons read

035015-4
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Z/
KR,L H%;’i:—HHLH UL.R
ML, R ML,R
(a)
Z/
HR,L HL.R
HR,L HL.R

()

Z/

KUR,L H%i:i@»— KUL,R

HL.R Eyr R
(b)

Z/

HR,L HL,R

Esrr  Eirr

(d)

FIG. 1. Feynman diagrams in the model contributing to (g —2) ,» Photon lines are implicit.

— 4 Li o ple
ghr = 9'qr4c0s 05 sin Oy

=dqr4 \/ 1—gh,/ (g’qL4)\/ 9/ (9 ars). (23)

— A R R
grg = 9'qr4cos 05 sin 03]

=914 \/ 1= g/ (g’qL4)\/ Gun! (9 414), (24)

where from now on we will assume ¢'g; 4 = 1 for simplicity.

Since the loop functions satisfy G(x) < 0 and F(x) > 0,
the contributions proportional to G(x) and F(x) in Eq. (22)
interfere negatively. However, for a chirality-flipping mass
M of order v/ V2 (where v = 246 GeV is the SM Higgs
VEV), the term proportional to M$ in Eq. (22) is dominant
and positive due to G(x) < 0, matching the required sign to
explain the experimental measurement of Aa, by Fermilab
[36] [see Eq. (3)]. Hence, a nonvanishing coupling of Z’ to
RH muons is crucial to explain (g — 2) , here: otherwise, if
we assume gp, = 0, then gf; vanishes and we lose the

dominant contribution proportional to M§.

B. Ry

One possible explanation of the R, measurements in
LHCb is that the low-energy Lagrangian below the EW
scale contains additional contributions to the effective
4-fermion operator with left/right-handed muon, left-
handed b-quark, and left-handed s-quark fields,

AL D Gy, (Syubr) (ALy'ue)

+ Ggsy(ELYﬂbL)(ﬂRyﬂﬂR) + H‘C‘v (25)
arising in our model from integrating out the Z’' boson
at tree-level [Fig. 2(a)]. The above operators contribute
to the flavor changing transitions b; — syji;u; and

by — spigig, respectively. A Z'-mediated contribution
to B, — pu [Fig. 2(c)] also arises.
We can express the coefficients Glb‘sﬂ

function of the couplings gy, gk, and gy,

R
and Gy, as a

Vtsgbbg;ey o _Vts (9,)2QQ4qL4(Sin€3Q4)2(Sineéi )2

Ghy == 2 2 ’
" M3, M,
(26)
GR —_ V 159bb G =V (g’)qu4qL4(sint93Q4)2(sin9§§)2
bsp — - ’

M2, M2,

(27)

where it can be seen that both G, and G, have the same

sign in our model.
In Ref. [24], the vector and axial effective operators

Hetr D N[6Co(5y,br) (r* )

+6C10(SLy,br)(Ayysp)] +He.,  (28)
4G e?

e V* —, 29

N \/§ thV ts 167'[2 ( )

had been fitted to explain R up to the 1o level, as shown
in Tables II and III. From the results for 6Cy and 6C;, we

have computed the numerical values of Gf,, and G, that
fit Ry up to the 1o level,
Ghy + G,
5C9 - - ﬂzN K = G{;Sﬂ - ./\/(5C10 - 5C9), (30)
bou — Gy
5C10 - MZN " = Gﬁw - —N<5C9 + 5C10). (31)
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sL
by ML R
A
HL.R
(a)
br, KL.R
A
5L HL.R
(c)

FIG. 2. (a) Z' exchange diagrams contributing to R

VuL
HUL.R
VuL
ZI
HL.R
(b)
br, SL
Z/
ST, BL
(d)

k- (b) Z' exchange diagrams contributing to neutrino trident production. (c) Z'

exchange diagrams contributing to B, — jiu. (d) Z' exchange diagrams contributing to B, — B, mixing.

The results displayed in Table II consider the so-called
“theoretically clean fit” which, as explained in Ref. [24],
displays the values of Gf, and G5, , that simultaneously fit
Ry and the By — jpu data. This fit is denoted as
theoretically clean since all the observables included are
free from theoretical uncertainties. On the other hand, the
global fit in Table III also includes the fit of angular
observables in B — K*fiu data reported by LHCb, ATLAS

and CMS, which are afflicted by larger theoretical

uncertainties than the ratios of lepton universality violation
and the B, — ju data [24].

On one hand, G%, ., shows similar best fit values of order
(40 TeV)~2 in both fits, although the 1o region is slightly
tighter in the global fit (Table III) than in the theoretically
clean fit (Table II). On the other hand, wa shows the
largest differences between both fits. For the theoretically
clean fit, wa < 0 is favored, although wa > 0 is still
allowed. For the global fit, the situation is the opposite:

TABLE II. Fit of Ry« and the B; — jiu data (theoretically clean fit) [24].
Best fit lo range

(6Cy, 5C1y) (=0.11,0.59) 5Cy€[-0.41,0.17], 5C € [0.38,0.81]
(G bw//\/ be//\/') (0.7,-0.48) bw/N € [0.64,0.79], be//\/ € [-0.98,0.03]
(Gés"’G;’i*‘) ((42.5 lTeV)Z’_(Sl.3 lTeV)z) Gﬁw € {m W} wa [ WW}
TABLE III.  Fit of Ry, By — jip data and angular observables of B — K*jiu data (global fit) [24].

Best fit lo range
(6Cy,6C9) (—=0.56,0.30) 6Cy € [-0.79,-0.31], 6Cy, € [0.15,0.49]
(Géw/ bw/./\/') (0.86,0.26) bw//\f € [0.8,0.94], bw/NE [-0.18,0.64]
(Géb"’ G;’i”) ((38.341TeV)2 ’ (69.731TeV)2) Gl%w € [(39 751TeV)2 * (36. 67 TeV 2}’ be [ (8338 1Tev)2 ’ (44.441TeV)2}
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GR > 0is favored, although GR < 0 is also allowed. As

bsp bsp
a consequence, in both fits GX ,, 1s compatible with zero and
hence Ry can also be explained with only the purely left-
handed operator 5,y,b i y*u;, as in previous Z’' models
[28-30]. However, we have shown that we need a non-
vanishing coupling of right-handed muons to Z’ in order to
explain (g—2),, hence within this model we have a
nonzero right-handed contribution to Rg). Therefore,
we need to be aware of keeping such contribution, i.e.,
Gfm, within the 1o region of the considered fit.
Moreover, the best fit value of GX . 1s negative within the
theoretically clean fit, but positive within the global fit. This
indicates that the extra angular observables of B — K*jiu
data are relevant and drastically change the picture for
explaining Ry, with effective operators 5.y,b igy"ug.
However, the fact that these angular observables are
affected by important theoretical uncertainties lead to some
tension in the community about whether angular observ-
ables of B — K*jiu data should be considered or not in the
global fits. Because of this, during the remainder of this
work we will consider both fits for computing our results.
On the other hand, in our model Glfw and fow must have
the same relative sign. Therefore, we shall keep the product
40,91+ positive and then fit fow in the positive region
allowed within the 1o. We shall study whether this can be
challenging in the theoretically clean fit, where the positive
region allowed by the 1o range of G’,fw is tiny. In other

words, the requirement of keeping G{fs " within the 1o range

of the theoretically clean fit constitutes an extra effective
constraint over this model.

C. B, - B, mixing
The Z' coupling to bs-quarks in Eq. (20) leads to an

additional tree-level contribution [Fig. 2(d)] to B — By
mixing,

G
ALy D —% (5.y"by)* + H.c. (32)
where

_ glzﬂ . gl%bvfzs
VA VA

Gbs

Such a new contribution is constrained by the results of
the mass difference AM, of neutral B; mesons. The
theoretical determination of the mass difference is limited
by our understanding of nonperturbative matrix elements of
dimension six operators, which can be computed with
lattice simulations or sum rules. Here we follow the recent
analysis of Ref. [78], which displays two different results
for AM,

AMEEASTY — (1131007 AMS? (34)

AMPE = (1.04200 AME™. (35)

AMELAGY s obtained using lattice results, and is about
two standard deviations above the experimental numbers.
This result for the mass difference sets the strong bound

1

Gy <—ou . 36
b~ (330 TeV)? (36)

On the other hand, AM$Y™"  obtained as a weighted
average from both lattice simulations and sum rule results,
shows better agreement with the experiment, and a reduc-
tion of the total errors by about 40%. This result for the
mass difference sets a less constraining bound

1

Gy S 5.
b~ (220 Tev)?

(37)
The resulting constraints will be shown as blue regions over
the parameter space.

D. Neutrino trident

The Z' couplings to the second generation of the SM
lepton doublet and singlet lead to a new tree-level con-
tribution [Fig. 2(b)] to the effective 4-lepton interaction

L \2

ALt D — (g

# (BLyubn) (@ vr)
Z/

R L
_ 99
M2,

(BrYubr) (DL vvpr)- (38)

This operator is constrained by the trident production
v,y" = vt u [81-83]. Using the results of the global fit
in Ref. [79], the bound over g%, and g¥, is given by

1 < (%) + iy <
(390 GeV)2 ™ M2, "~ (370 GeV)?

(39)

whereas in our case only the right side of (39) applies, since
according to Eqs. (18) and (19) g%, and gf, have the same
relative sign in our model and hence the product g/, g%, is
positive. The resulting constraints will be shown as orange
regions over the parameter space.

E. Constraints from lepton flavor violation

Within the lepton sector the Z' only couples to muons,
hence no Z’' lepton flavor-violating couplings are generated.
Therefore, in our Z' model there are no contributions to
lepton flavor-violating processes such as 4 — ey ort — 3u.

F. Collider constraints

Our model is not constrained by electron collider
searches since our Z' does not couple to electrons.
However, further constraints on our model come from
LHC searches. For light Z' masses, the LHC measurements
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0.010
L
Gy
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0.001
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L
G
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0.001

FIG. 3. The parameter space in the (gﬁ,,, gpp) Plane compatible with R, anomalies and flavor constraints (white). The Z’' mass varies
over the plane, with an unique Z’ mass for each point in the plane as required to match the best fit value for G’;W [Eq. (26)] of the
theoretically clean fit in Table II [Fig. 3(a), 3(b), 3(c)] and the global fit in Table III [Fig. 3(d)]. We show the recent B, — B, mixing
constraints (blue and light blue) [78], the neutrino trident bounds (orange) [79], and the region excluded by LHC dimuon resonance
searches (purple) [80]. When a nonvanishing g,’f” is considered, the red-shaded region is excluded of the 16 range of G{fw [Eq. (27)] for
the considered fit. The dashed lines correspond to constant values of M, as specified in the plots.

of the Z decays to four muons, with the second muon pair
produced in the SM via a virtual photon [84.,85], pp —
Z — 4y, set relevant constraints in the low mass region of
Z' models, 5 <M, <70 GeV [30,83,86,87]. We avoid such
a constraint by keeping M > 75 GeV in our analysis.
For heavier Z' masses, the strongest constraints come
from LHC dimuon resonance searches, pp — Z' — u*u~,
see also [88,89]. In our model, the Z' is dominantly
produced at the LHC through its coupling to bottom
quarks, bb — Z'. The cross section ¢(bb — Z') from bb
collisions is given for g,, = 1 in Fig. 3 of Ref. [90], we
multiply it by g7, in order to obtain the cross section for
any gp,- We neglect a further contribution coming from
bs — Z' since it is CKM suppressed by V2. Therefore, we
assume that 6(pp — Z') is dominated by the subprocess

bb — Z'. The Z' boson can subsequently decay into
muons, muon neutrinos, bottom quarks, bottom-strange
quark pair, and also into top quarks when kinematically
allowed. The partial decay widths are given by

1

T2 =54 [(gh)* + (gha)*IM 2,
1
FZ/_’”/ADﬂ - % (gllzﬂ)zMZ"
1

1
Uys = gQZZ,bM 7 Iyps = ggib ViMy,

1 m? [ 4m?
Uyi= ggibMZ’ (1 - Mé > 1 _M—zt’
VA VA

(40)
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FIG. 4. Diagrams contributing to the Higgs diphoton decay (h° — yy) where fsy = u;. d;, e;, i = 1,2, 3 and E, is the 4th family VL

lepton.

from which we compute Br(Z' — uj) analytically,

Br(Z' — ujr)
| 7
= 2o RNCIY
FZ’—»ﬂﬁ + FZ’—?U”Z_/H + FZ’—»bE + IﬂZ’—>b§ + FZ’—)tf

Then 6(pp — Z' — ppu~) is estimated using the narrow-
width approximation,

olpp > Z - ptp ) mo(pp —» Z')Br(Z — up),  (42)

and compared with the limits obtained from the dimuon
resonance search by ATLAS [80], which allows us to
constrain Z' masses between 150 GeV and 5 TeV. Previous
studies [30] verified that the analogous Tevatron analyses
give weaker constraints than LHC. All things considered,
the resulting ATLAS constraints will be shown as purple
regions over the parameter space.

G. Higgs diphoton decay

After spontaneous symmetry breaking (SSB), the
Yukawa term in Eq. (4) involving the SM Higgs field
and the 4th VL lepton gives rise to the chirality-flipping
mass M, which gives a very important contribution in
Eq. (22) for accommodating Aa, with the experimental
measurements. On the other hand, Mf is also expected to
give an extra contribution to the decay of the Standard
Model Higgs to two photons, a process that has been
explored in colliders. Firstly, within the SM, fermions
[Fig. 4(a)] and W= bosons [Figs. 4(c), 4(d)] contribute to
the decay channel #° — yy [91]

(R’ = yy)sm

23
_amy

2567302

2
Fi(tw) + ZfGSMchQ%Fl/z(Tf) . (43)

where a = 1/137, m;, = 126 GeV, v = 246 GeV, N, =
1(leptons), 3(quarks), Q is the electromagnetic charge of
the fermion f in units of e, and the loop functions are
defined as

Fy =2+ 30 +3:2 - 1)f (), (44)
Fijp = =21 + (1 - 9)f(2)], (45)
with
7; = 4m} /m; (46)
and
farcsin (1//7)]2, it o1,
=9 [m(ijﬁ) - mr, TR

Note here that for large 7, ', — —4/3. The dominant
contribution to I'(h® — yy)gy; is the contribution of the W
bosons,

Fi(ry) =833, (48)

and it interferes destructively with the top-quark loop
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N,,0*F =3(2/3)%(—=1.37644) = —1.83526, (49 T'(h°
['(h° = all)ppgagn1

therefore (52)
2m3 Now we add the contribution of a fourth VL lepton
C(h° = 77)sm =occr s 2 18.33 — 1.83526|* [Fig. 4(b)] with VL mass M¥ that couples to the Higgs via

the chirality-flipping mass M§, where M% > MY (in such a
way that the propagating mass of the fourth lepton can be
approximated by the VL mass) [92],

~9.15636 x 106 GeV. (50)

The exact result by taking into account the contribution of
all SM fermions is

2
a~m
F(ho - 77’) 2567 3 ) Fy TW) + Zfew cfoFl/z(Tf)
T(h0 = yy)y = 9.34862 x 107 GeV, (51 e i
) 123 +— ML F1/2(TE4) (53)
and if we take ['(h° — all)ppgo0; = 3.2755 MeV, then
1 1
YRR MZ 100 GeV
7= o7, = 0.0001
g%,=0.0001 “r
0.100 AZCJ: 15 Goy 0.100 MS= 20 GeV
£0.010 s N £0.010 BT PEACT?
[ (B 2a, 10 2 | (m2a, 10 2
0.001 [ b -»s iy (Clean fit)y 10 . 0.001 [ by -»s, iy (Clean fity 10 .
B b s iy (Global fit) 10 B b sy (Global fit) 10
0-4 N N N 0—4 N N N
1074 0.001 0.010 0.100 1 1074 0.001 0.010 0.100 1
L
Y Y
(a) (b)
1 1
Mz:=200 GeV
%,=0.0001
0.100 M= 45 GV 0.100
B mix. FLAG'19
Tl
a
£0.010} 50.010
| (mAa, 10 | (mAa, 10 Mz= 500 GeV
0.001 0 b s fyp. (Clean fit) 10 0.001 [ byss, iy, (Clean fity 10 | |g5,=0.0001
W b -s, 4 (Global fit) 10 W b -s, 4 (Global fit) 10 A/fc 200 GeV
0—4 N N 0—4 N N N
1074 0.001 0.010 0.100 1 1074 0.001 0.010 0.100 1
L L
9 9
(c) (d)

FIG. 5. Bounds on the parameter space in the (gﬁﬂ, 9pp) plane for fixed Z' masses: 75, 100, 200 and 500 GeV, as indicated on each
panel. Each panel also displays the considered Mf and gff”, while the propagating mass of the VL lepton is always kept as
mg ~ MY =5 TeV. The green region explains Aay, up to 1o. The yellow and pink regions fit the Wilson coefficient Gim (26)up to lo
for the theoretically clean fit and the global fit [24], respectively. The red horizontal line shows the limit of the 1o region for the Wilson
coefficient Gfsﬂ (27) in the more restrictive theoretically clean fit (i.e., GX . < 0.03), in such a way that the parameter space above the red

line is excluded. The blue and orange areas show the B, — B, mixing [78] and neutrino trident [79] exclusions, respectively, while the
purple region is excluded by LHC dimuon resonance searches [80].
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We can see that the new contribution proportional to
the chirality-flipping mass is suppressed by the heavier
VL mass. Moreover, this new contribution decreases
['(h° — yy), since it interferes destructively with the most
sizable contribution of the W bosons. Let us now compare
with the experimental results for the h° signal strength in
the h° — yy channel [93],

(7" = yy)
Ry == 65—~ (54)
L(h° = yy)sm
Ry 920 = 111104, (55)
In the case of M¢ =200 GeV,
8.33 — 1.83526 — 0.0533333/?
Ry | " _ 0983813, (56)

8.33 — 1.83526[2

In the case of M§ = 600 GeV,

0.100 B, mix, FLAG'19
My= 1000 GeV
3 9%,= 0.0001
50010 MS= 580 GeV
| (®Aay 1o
0.001 01 b s p; (Clean fit) 10
B b5, FL (Global fit) 10
10—4 ) N N N
10 0.001 0.010 0.100
e
(a)

0.100 B, mix, FLAG'19
Mz.= 1000 GeV
8 gf,=0.001
50010 MS= 200 GeV
| (B Aa, 10
0.001 0 b ~>s A py (Clean fit) 10
W b s, oy (Global fit) 10
1074 - : ‘
10 0.001 0.010 0.100
L
G
(c)

8.33 — 1.83526 — 0.16[2
RV | = 0.951336.
r 8.33 — 1.83526[2

(57)

Therefore, even for a value of M close to the perturbation
theory limit M{ < v/4zv//2 ~616.8 GeV, the chirality-
flipping mass contribution to 4% — yy is within the 2o
range of REPE20%0,

V. RESULTS AND DISCUSSION

In Fig. 3 we have displayed the parameter space in the
(954 9pp) plane for gk, =0, 0.0001, 0.01, considering the
theoretically clean fit [Figs. 3(a), 3(b), 3(c)] and the global
fit [Fig. 3(d)]. In every case, there is parameter space free
from all the constraints that is able to explain R . If we set
g,’fﬂ =0 (Fig. 3(a)), we are making a purely left-handed
explanation of R, hence recovering the same results as in
Ref. [30]. As gffﬂ is increased, the condition of keeping the
contribution to b; — s;jippg (namely the Wilson coeffi-
cient GX ,) within the lo range becomes constraining over

1

B< mix. FLAG'19
0.100¢
Mz.= 2000 GeV
8 | [g%,=0.001
50010 MS= 580 GeV
| (®Aay 1o
0.001 [ b s p; (Clean fit) 10
B b5, T, 1, (Global fit) 10
10—4 = N N N
10 0.001 0.010 0.100 1
L
o
(b)

0.100¢

M= 2000 GeV
o =0.01
&0.010F |90

MS= 200 GeV

HAa, 1o
[ by-s gy (Clean fit) 10
W b s, p . (Global fit) 10

0.001f

1 -4
O10-4

0.010 0.100 1

L
9

()

0.001

FIG. 6. The same as in Fig. 5 but for heavy Z' masses: 1000 and 2000 GeV, as indicated on each panel.
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the parameter space, especially when the theoretically clean
fit is considered [Figs. 3(b), 3(c)]. On the other hand, if the
global fit is considered [Fig. 3(d)], then larger values of g&,
are accessible.

In Figs. 5 and 6, for light and heavy Z' masses
respectively, it can be seen that both the contribution to
by — s jupp; that explains Ry (namely the Wilson
coefficient G’,;Sﬂ) and Aa, can be produced simultaneously
within their 1o region by a Z' with a mass in the range of
75 GeV to 2 TeV, for both the theoretically clean fit and the
global fit. Within this range of masses, Gf ,, G, and Aa,,

can be simultaneously fitted with the same parameters up to
the 1o ranges of both the theoretically clean fit and the
global fit, since in all the considered cases the parameter

space where G%W and Aa, are simultaneously explained is

R
bsu*

latter in the theoretically clean fit is displayed in Figs. 5
and 6 as a red horizontal line, there is no lower bound

displayed since Gﬁw is compatible with zero in both fits. In

R
bsp

also within the 1o range of G}, . The upper bound for the

all the explored cases, the condition of fitting G is less

constraining than B, — B, mixing.

For light Z’ masses around 75-200 GeV (Fig. 5), both
anomalies Ry and Aa, can be explained simultaneously
with the condition of small gX, and M§. On the other hand,
as displayed in Fig. 6, for heavy Z' masses of 1-2 TeV
both anomalies can also be explained simultaneously but it
is required to increase either g,’fﬂ (two lower panels of
Fig. 6) or M$ (two upper panels of Fig. 6). In every case,
M§ is kept below the perturbation theory limit of
MS <+/4rv/\/2~618 GeV, and its contribution to
Higgs diphoton decay has been previously proven to be
within the 20 range of the experimental signals even for
values of MS close to the perturbation theory limit.
Moreover, in every case g,’fﬂ is set to values for which
GR ., can be simultaneously fitted, hence Ry is explained.
Fitting both anomalies simultaneously for M, > 2 TeV
could in principle be possible but would require chirality-
flipping masses too close to the perturbation theory limit,
and/or values of gf, of O(0.1) or higher, for which the 1o
range of Gfsﬂ in the theoretically clean fit becomes more
challenging to fit, leading to constraints over the parameter
space larger than the present limits of B, — B, mixing.
Instead, if we consider the global fit that includes angular
observables of B — K*ju data, here fosﬂ is compatible
with larger positive values and hence also larger gy, are
accessible, in such a way that explaining both anomalies
with heavier masses of Z’ is possible. However, Figs. 5 and
6 also show that collider constraints coming from dimuon
resonance searches by ATLAS [80] are very constraining
for M, > 500 GeV. Although in every case we can still
find good points that simultaneously explain both R, and
Aa, while avoiding the ATLAS constraint, such points

could be ruled out in the future by the upcoming LHC run 3
starting in 2022.

VI. CONCLUSIONS

We have shown that both muon anomalies Ry, and
(9—2), can be simultaneously addressed in a simplified
fermiophobic Z' model with 75 GeV < M, <2 TeV. The
explanation of (g —2), in this model requires nonvanish-
ing couplings of Z’ to left-handed and right-handed muons
gﬁﬂ, g/’fﬂ, along with a nonvanishing chirality-flipping mass
M¢ obtained from the coupling of a fourth vectorlike
lepton to the SM Higgs. The explanation of Ry also
requires a coupling of Z’ to bs-quarks. Such Z’ couplings
are obtained in this model through mixing of muons and
bottom quarks with a fourth vectorlike fermion family. In
particular, the Z’ coupling to bs is CKM suppressed since
gpp Vs 1n the basis in which the up-quark mass matrix is
diagonal.

The scenario considered in this paper represents a
minimal mixing framework in which only three mixing
parameters are involved. By contrast, other Z’ models that
address both muon anomalies are either not fermiophobic
[62,63], consider extra symmetries [61] or involve a
general mixing framework with a very large number of
parameters [64,65], where only a search of best fit points
is performed. Instead, within the simplified approach
followed here, we had been able to systematically explore
the parameter space, extracting interesting conclusions in
the process.

The fact that the explanation of the muon g — 2 anomaly
requires a nonzero coupling g,’f,, # 0 means that it is not
possible to provide a purely left-handed explanation of
Ry as in previous studies [29,30] which do not consider
the muon g — 2 anomaly. Consequently it is necessary here
to fit both the LH and RH Wilson coefficients of the
effective operators, Gf,, and G, , within the 1o range that
explains Ry according to the latest global fits [24]. This
leads to a more involved and highly constrained analysis
than often considered, which is summarized as follows.

Explaining both muon g—2 and Ry anomalies for
Mz > 2 TeV becomes challenging if we consider the
theoretically clean fit where the positive lo region of
Gﬁfsﬂ is small. This is because larger values of g,’fﬂ are
required to explain (g —2),, but then this implies smaller
values of g,, to keep wa within the 1o range of the
theoretically clean fit. For heavier masses of Z’, larger
values of g, are required to fit G .- However, the heavier
the Z’ boson is, the larger the values of Mf must be to
explain (g —2),, with M(¢ bounded from above by pertur-

bation theory, Mf <+V4rv/ V2 ~ 618 GeV. On the other

~

hand, if we consider the global fit that includes angular
observables of B — K*jiu data, here Gﬁsu is compatible

with larger positive values and hence also larger are

Hu
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allowed, but the perturbation theory constraint over M$
remains. Despite these challenges we have been able to find
viable regions of parameter space which can explain both
the muon g — 2 and Ry, for both global fits.

Finally, we have studied the impact of collider searches
for this simplified model: constraints coming from exper-
imental measurements of Z — 4y can be avoided by
keeping M, > 70 GeV [30,83,86,87]. However, dimuon
resonance searches by ATLAS [80] are already very
constraining for M, > 500 GeV, in such a way that the

good results of this model for heavy Z' masses could be
probed by the upcoming LHC run 3 starting in 2022.
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