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We show that the Rk puzzle in LHCb data and the discrepancy in the anomalous magnetic moment of
the muon can be simultaneously explained if a 10 MeV mass Z’ boson couples to the muon but not
the electron, and that clear evidence of the nonstandard matter interactions of neutrinos induced by this
coupling may be found at DUNE.
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There are several perplexing anomalies related to the muon in-
cluding its anomalous magnetic moment [1] and the charge radius
of the proton extracted from muonic hydrogen [2]. In B physics,
data from b — s¢¢ decays indicate evidence of lepton flavor uni-
versality — the so called Rk puzzle. The LHCb Collaboration has
found a hint of lepton non-universality in the ratio Rx = B(B* —
Ktutu™)/B(BT — Ktete™) =0.745 4 0.097 in the dilepton in-
variant mass-squared range 1 GeVZ < ¢ < 6 GeV2 [3]. We take
the view that the Rg puzzle may also be a consequence of new
physics (NP) affecting the muon. There is also an anomaly in one
of the angular observables in B — K*u™ ™~ decay [4] which may
be subject to large hadronic uncertainties [5]. However, unlike the
Rk puzzle lepton non-universal new physics is not necessary to
explain the anomaly [6].

Here we focus on the Rg puzzle which is a clean probe of
the Standard Model (SM) due to very small hadronic uncertain-
ties. Several NP models with heavy mediators have been consid-
ered to explain the Rg puzzle. We consider a simple NP sce-
nario with a Z’ lighter than the muon. The Z’ has flavor con-
serving coupling to quarks and leptons and in addition we as-
sume that there is a flavor-changing bsZ’ vertex. The Z’ cou-
plings to the lepton generations are non-universal to solve the
Ri puzzle. In particular we assume the Z’ has suppressed cou-
plings to first generation leptons but has non-negligible couplings
to second and third generation leptons. We constrain the bsZ’
coupling using B — Kvv and B; mixing and then from Ry we
fix the Z' coupling to muons. We check that the coupling to
muons is consistent with the muon a;, = (g —2),/2 measurement,

* Corresponding author.
E-mail address: liaoj@hawaii.edu (J. Liao).

http://dx.doi.org/10.1016/j.physletb.2017.02.058

Agy =ap® —aM = (29+9) x 10710 [7]. B — Kvi does not fix
the Z’' coupling to neutrinos, but assuming SU(2) invariance we
set the Z’ neutrino couplings to the charged lepton couplings.
Estimates of the Z’ couplings to light quarks are obtained from
non-leptonic b — sqq transitions where q = u, d, s. After we ob-
tain the constraints from B physics, we study their implications
for nonstandard neutrino interactions (NSI) at DUNE [8].

bsZ’ vertex. We assume there is a light Z’ with mass of order
10 MeV. The most general form of the bsZ’ vertex with vector type
coupling is

Hpsz' = F(g»)sy"bZ),, (1)

where the form factor F(g%) can be expanded as

2
F(@®) = tps + Epsg + .. )
my
where mp is the B meson mass and the momentum transfer
¢ <« m%. The leading order term aps is constrained by B — Kvv to
be smaller than 10~9 [9]. As will become clear below, the solution
to the Rgx puzzle would then require the Z’ coupling to muons
to be O(1) or larger which is in conflict with the (g — 2),, mea-
surement. The absence of flavor-changing neutral currents forces
aps ~ 0, so that

2
q° _
Hpsz' = 8bs—5Sy"bZ,, , 3)
my
where g, is assumed to be real.
B — Kvv. Assuming Gaussian errors, the 95% C.L. upper limit
for B— Kvv is [10]
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B(B — Kvi) <1.9x 107°. (4)
From Ref. [11], the SM prediction is

B(B — Kvi)sm = (3.98 £0.43 £ 0.19) x 1076

The SM Hamiltonian for each neutrino generation is

GF o
Heff = ———=VyVi————[cyoy +C3,0%], (5)
eff /2 t t547TSin29W[ 9Y9 10 10]
where

0y = GyHPby(Dyuv),
07 =Gy*PLbY(Wyuysv). (6)

In the SM, the Wilson coefficient is determined by box and Z-
penguin loop diagrams computation which gives,

—X(m}/m}), (7)

where the loop function X can be found e.g. in Ref. [12].

Now we introduce a Z’ coupling only to left-handed neutrinos.
We further simplify by assuming only flavor conserving couplings
but do not assume the couplings to be generation-independent.
We write for generation o = u, 7,

C9 = _Cm =

HVonaZ/ =gUaUa‘_)otLyMVaLZ;L. (8)

Equations (3) and (8) lead to the Hamiltonian for b — svyVy
decays,

8bs&h,v, 4°
Hpspyv, = —U;—SV bVaLYuVar - (9)
q> —m%, m?
We get B(B — Kvi) =3.96 x 1076 for the SM. From Eg. (4) we
obtain the 20 constraint,

1ghs] <1.4%x 1072, (10)

Note that this constraint does not dependent on g,, as the NP
contribution is dominated by the two body b — sZ’ transition. In
principle, we can also consider B — K*vv but only certain helic-
ity amplitudes are affected by NP. Furthermore at low g the NP
amplitudes are suppressed. Hence this decay provides a weaker
constraint than B — Kvv.

Bs mixing. The Hamiltonian responsible for Bs; mixing can be
written as
g2
Hp, ~ ——25— 5y"bSy,b. (11)

s 2
mp —myz,

The correction to Bs; mixing is given by

gz
AMN? = Zbs <BE
mg —myz

sy*bsy,b

's>. (12)

Using the vacuum insertion approximation [13] and the fact that
mp, & myp + Mg,

2
g 1

% st (13)

mp — m3, 3

AMNP ~
The mass difference in the SM is given by

2
AMSM = Zmp, f§ By INCyuil, (14)

where

2,2

Gemy,
N =" v
Cort = na. |:1+ 9 6 6x§lnxt:|
’ T-x (A-x)? (1-x)3

In the above, x; = mt /mW, np, = 0.551 is the QCD correction [14]

and 335 is the bag parameter. Taking fgs,/BBS = (266 £+ 18) MeV
[15], VgV = —0.0405 £ 0.0012 [16,17], and m; = 160 GeV [16,
18], the SM prediction is [19]

AMM = (17.4+2.6) ps!. (15)
This is to be compared with the experimental measurement [20],

AM; = (17.757 £ 0.021) ps~ !, (16)

which is consistent with the SM prediction. To bound the NP cou-
pling gp; we take the NP contribution to be at most the 1o un-
certainty in the SM contribution, i.e., AMNP ~2.6 ps~!. With the
Bs decay constant fp, from Ref. [21], and assuming mp, > myz,
Eq. (13) yields

1ghs] <2.3x 1072, (17)

This is consistent with the bound obtained on gys from B — Kvv.

R puzzle. Here we follow the discussions in Refs. [22,23].
Within the SM, the effective Hamiltonian for the quark-level tran-
sition b — st~ is [24]

Hegt = —‘fg ViV | Z GO (1)

+C0—— 16 5[50 (ms P+ mp Pr)b] F*Y

+Co E = Sy " Pib) Ly

+ C10 3 Gy Pub) Avuysit | (18)
where P; g = (1 F y5)/2. The operators O; (i=1...6) correspond

to the P; in Ref. [25], and mj, = mj(w) is the running b-quark mass
in the MS scheme. We use the SM Wilson coefficients as given in
Ref. [26].

Introducing a Z’ coupling to leptons

Hyoz = geely™ez),. (19)

Equations (3) and (19) lead to the Hamiltonian for b — s¢¢ decays
2

Hysee = ——22810 ©syupy 0. (20)
g% —m3, mj

We can rewrite this as,

vtsvtb 4— [R‘Z (q® )sy"PLbEyMK

H =

b

N24 \/—
+ R/\f (qz)sl’ 1 Rbe_)’ug] , (21)

where

V2rgnsgl, ¢ 1
Ry (@) =Ry (@) = "ot = : (22)
GFVtS thaem mB q mz/

We assume the Z’ does not couple to electrons and so B(BT —
Ktete™) is described by the SM, while B(B* — KTu*tu™) is
modified by NP. We scan the parameter space of gps and g,
for values that are consistent with the experimental measurement
of Ri; see Fig. 1.
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Fig. 1. The allowed regions in the (gps, &) plane for mz =10 MeV. The shaded
bands are the 10 and 20 regions favored by Rg. The regions between the hori-
zontal solid and dashed lines explain the discrepancy in the anomalous magnetic
moment of the muon at the 10 and 20 C.L. The vertical line shows the 2o upper
limit on gps from B — Kvv. The cross denotes the parameters used for studying
neutrino NSI.

Muon magnetic moment. The light Z’ also explains the dis-
crepancy in the muon magnetic moment measurement. From
Ref. [27], we have

1
_ (gu)’ 2x2(1 —x)

A =
H= 8n2 / X2 4 (m2,/m2)(1 —x)
0

(23)

For mz =10 MeV, the measured value of Aa, gives g, as in
Fig. 1.

Other constraints. We now check that the result is consistent
with other b — su™ ™ transitions. Note that our light Z’ cannot
be produced as a resonance in b — su™u~ decays. Also, as we
have a vector coupling in Eq. (21) there is no contribution to E’? —
wrp.

The BaBar Collaboration measures B(B — Xsut ™) = (0.66 &
0.88) x 10 in the range 1 GeV? < q? <6 GeV? [28]. The differ-
ential branching ratio for Bg — Xsut ™ with SM and the general
NP operators can be found in Ref. [22]. We find that the NP con-
tribution to B(B — Xsuu™ ™) is only 7% of the SM prediction for
1 GeV?2 < q2 < 6 GeV2. Given the current experimental uncertain-
ties, the constraint from this decay is not stringent.

The branching fractions for B§ — Ku*u=, B9 — K*u*p~ and
the corresponding electron modes are known for the entire kine-
matical range. However due to the long distance contributions we
do not use them to directly constrain NP.

Finally, the NP amplitude for B) — K*u* ™ in the low g2 re-
gion is suppressed relative to the leading SM amplitudes by m@;
and so this decay does not provide any constraints on the NP cou-
pling. We note in passing that constraints from b — sttt ~ decays
are very weak [19] and do not produce a meaningful constraint on
the NP coupling g..

b — sqq. We now consider the Z’ coupling to light quarks with
a focus on the up and down quarks:

Hyqz' = 84q0v"4Z,, - (24)

It is reasonable for the Z’ coupling to quarks to be of the same size
as the coupling to the charged leptons, ie., ~ 1074, Decays like
B — Km can constrain the Z’ coupling to light quarks. In spite
of the hadronic uncertainties approximate bounds are obtainable
from these decays. Equations (3) and (24) lead to the Hamiltonian
for b — sqq decays, which is similar to Eq. (20) with ¢ replaced
by gq.

The NP can add to the electroweak contribution in the SM. It is
interesting to speculate if such NP can resolve the so called K — 7
puzzle [29]. This is the difference in the direct CP asymmetry in
the decays Bt — m9K* and B® — w~K™. It is puzzling that the
leading amplitudes in both decays are the same in the SM while
the former decay also gets contributions from a small color and
CKM suppressed tree amplitude and the electroweak penguins for
the two decays are different. It is possible that new contributions
to the electroweak penguins may resolve the puzzle. However, the
situation is a bit complicated. First, there are two other relevant
decays, Bt — wTK? and B® — 7%K?, and one has to fit to all the
decays. Since these are non-leptonic decays one has to account for
hadronic uncertainties.

In naive factorization, our NP does not contribute at leading or-
der to Bt — wOK* as the vector quark current does not produce a
pion but can produce a p and will thus contribute to B* — p%K+
and B® — p~K*. We can always change the chiral structure of
the Z’ coupling to quarks to get a leading order contribution to
B — m K. Our intention here is not to resolve the K — 7 puzzle but
we can estimate the Z’qq coupling in the following way. A reason-
able assumption is that NP produces effects of the size of about
10% of the SM electroweak penguin.

Both color allowed and color suppressed electroweak penguins
are possible in the decay B — p°K9, and we can compare these
with the NP amplitude. The ratio of the NP amplitude to the color

allowed penguin is
(p°K°| Hnp |BO)
— L 25
(o7l B9 >

where Hf:% is the color allowed SM electroweak Hamiltonian. Us-

ing naive factorization,

o 8s(8uu — Za)m;, -
' SEagVepVES(m2 —m2,)m2’ (26)
2 th Vs Mp z/"Mp

where we have assumed real couplings. The factor ag = Cq + CN—lc"
where Cg 19 are the Wilson’s coefficients and N. = 3 is the number
of colors. The ratio of the NP amplitude to the color suppressed
electroweak penguin is

_ (p°K°| Hnp [BY)
(oK Hg[B)
bs (Suu — Zaa)M3

= , (27)
C
7%(110 Vip Vi (m2 — m2,)m%

where a9 = Cqp + ,(f,—‘z and Hg%‘c is the color suppressed SM
electroweak Hamiltonian. Using ag(u = mp) ~ —1.22ce, and
ajo(u =mp) = 0.04ce, [30] and requiring |r| ~ 0.1 we find

| 8bs (Guu — 8da)| ~ 1.3 x 1075, (28)

For |gps| ~ 107> we get |guy — Zaql ~ 1073. As we discuss next,
this leads to nonstandard neutrino interactions that are too large.
On the other hand requiring |s| ~ 0.1 gives

| 2bs (uu — &aa)| ~ 2.8 x 1071°. (29)
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Sensitivity (standard deviations)

Fig. 2. The sensitivity to €,,, at DUNE. The data are simulated for the normal neu-
trino mass hierarchy, the neutrino CP phase § =0, and €, = 1.0. We assume
€up = E€rr.

In this case |guu — gaq| ~ 107°. We will assume that g, is the
same size as g4 and take these couplings to be ~ 10~ to discuss
neutrino NSI.

NSI at DUNE. The light Z’ couplings to neutrinos and first gener-
ation quarks affect the neutrino propagation in matter. The matter
NSI can be parameterized by the effective Lagrangian [31],

L=—2v2Grels [Vay” Pive][@y,Pca] + hec., (30)

where o« = u,7, C=1L,R, q=u,d, and egg are dimensionless
parameters that represent the strength of the new interaction in
units of Gr. Since neutrino propagation in matter is affected by
coherent forward scattering, €, = egfx + egg, can be written as

q 84q8veva
€oa = =5 (31)
T 2v2G6m2,

regardless of the Z’ mass. For propagation in the earth, neutrino
oscillation experiments are only sensitive to the combination,

€ = 3(el, +€d,). (32)

We now use the light Z’ couplings obtained from B physics to
study signatures at neutrino oscillation experiments. We assume
8v,v, = &uu» Which is motivated by an SU(2) invariant realization
of Eq. (30). We fix g, = —5.4x 107% and gps = 1.3 x 107> to ex-
plain both the Rx and muon g — 2 anomalies; this set of couplings
is marked by a cross in Fig. 1. To avoid a finetuned cancellation,
we take guy = 1.0 x 107> and ggq = —1.2 x 107>, which satisfies
the relation in Eq. (29). For mz = 10 MeV, these couplings sat-
isfy a plethora of constraints [32]. From Egs. (31) and (32), we get
€, = 1.0. To satisfy constraints from current neutrino oscillation
data [33], we assume €;; = €;.

Following the procedure in Ref. [34], we simulate 300 kt-MW-
years of DUNE data with the normal neutrino mass hierarchy, the
neutrino CP phase § =0, and €, = 1.0. We scan over both the
mass hierarchies, the neutrino oscillation parameters and €,,,,. The
expected sensitivity of DUNE to reject the SM scenario is shown in
Fig. 2. We see that the SM scenario with €, =0 is ruled out at
the 3.60 C.L. at DUNE.

Summary. We showed that the Rk puzzle in LHCb data can
be explained by a light Z’. The resulting coupling of the Z’ to
muons also reconciles the muon g — 2 measurement. After care-
fully examining various constraints from B physics, we find that
this Z’ could yield large NSI in neutrino propagation. We further
demonstrated that evidence of NSI induced by the light Z’ cou-
pling may be found at DUNE. A scattering experiment at CERN will
also search for such a boson [35].
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