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We show that new physics models without new flavor violating interactions can explain the recent
anomalies in the b — s£ ¢ transitions. The b — s£ ¢~ arises from a Z' penguin which automatically
predicts the V — A structure for the quark currents in the effective operators. This framework can either be
realized in a renormalizable U(1)" setup or be due to new strongly interacting dynamics. The dimuon
resonance searches at the LHC are becoming sensitive to this scenario since the Z’ is relatively light, and

could well be discovered in future searches by ATLAS and CMS.
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I. INTRODUCTION

Lepton flavor universality (LFU) of electroweak inter-
actions is one of the key predictions of the standard model
(SM). The electric charge is copied from one generation of
fermions to the other, so that the photon couples with the
same strength to the electron as it does to the muon and the
tau lepton. Similarly, the Z boson couples in the same way
to all three generations of leptons, a fact that has been tested
at the permille level for on-shell Z couplings at LEP [1,2].
Any deviation from LFU either in on-shell processes or
from off-shell exchanges would be a clear indication of new
physics (NP) (LFU violations from differing charged lepton
masses are usually negligibly small, but will be kept in our
discussion when needed).

In the past several years a number of measurements of
the b — s£T¢~ transitions [3-11] have been showing a
pattern of deviations from the SM predictions [12—-16] (for
most recent global fits see [17-22]). While none of the
deviations by themselves is yet statistically significant, and
some of them require precise control of hadronic uncer-
tainties, it is quite striking that the deviations appear also in
such clean observables as the ratios that probe LFU.
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Currently there is a 2.6¢ discrepancy with the SM in Ry =
(dU(B - Ku'*p™)/dq?)/(dU(B — Kete™)/dg?) [4],

RK,[1.6] Gevz = 0.745 £ 0.090, (1)

and a 2.2-2.5¢ discrepancy in the related mode
with the vector meson, Rg- = (dI'(B — K*u*u™)/dq?)/
(dI'(B — K*e*e™)/dg?) [11],

_ +0.11
R+ 0.045,1.1) Gev2 = 0-6017,

Ry [1.1.6)Gev: = 0-69ir8.'(§82- (2)

If confirmed, these would constitute a discovery of NP.

The NP models that have been put forward to explain the
b — s¢*¢~ anomalies fall into two categories. Most of
the analyses so far have focused on the case where the
b — s¢T¢~ transition receives a contribution from a tree
level exchange of a new heavy vector boson, Z’, with flavor
violating couplings to b and s quarks, as well as couplings
to either electrons [23] or muons [24-37] (in the case of
Ref. [38] the latter is generated at loop level), or through
tree level exchange of leptoquarks [39-44]. The other set of
models generates the b — s£7¢~ through box loop dia-
grams with new heavy fields [45,46]. Both of these sets of
solutions require flavor changing couplings beyond those
present in the SM. One thus needs to make sure that the
generated flavor changing transitions are consistent with
other precision flavor observables such as B, — B,, D — D
mixing, etc.
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FIG. 1. The NP contributions to the d — d/## processes from
the exchange of a Z’ that couples to the top quark and a heavy top
partner 7.

In this paper we show that there is a third class of models
where all the NP couplings are flavor diagonal—but not
flavor universal. The simplest realization is in terms of a Z’
whose dominant couplings in the SM sector are to the right-
handed top quarks and to the muons; see Fig. 1. Other
realizations are possible, for example in strongly coupled
scenarios, as we briefly discuss below.

The NP models that we are proposing as possible
explanations of b — s¢*#~ anomalies have several salient
features. They are examples of NP with (general) minimal
flavor violation (MFV) [47-51] and thus easily satisfy the
present experimental bounds from other flavor changing
neutral current transitions, beside b — s¢Z*#~. The b —
s¢ ¢ transition is generated via the exchange of the SM
W gauge boson in the loop. This class of models thus leads
automatically to the V — A structure of the quark current in
the NP operators, as preferred by the global fits to the data
[12—-15]. There is more freedom in the structure of
couplings to muons, where both V — A and V + A currents
are possible. Finally, since in this class of models the b —
s¢T ¢ transition is generated at the one-loop level, the Z' is
quite light, with a mass of a few hundred GeV, and can be
searched for at the LHC in high p; processes.

II. GENERAL DISCUSSION

The effective weak Hamiltonian that describes the
b — s£* ¢~ transitions is given by

_4Gr

Heff = \/—

VisVis e 22 (CTO? +CYO’) + He.,

(3)

where e is the EM gauge coupling and the sum runs over
the dimension-five and dimension-six operators. Denoting
SM and NP contributions to the Wilson coefficients as

cl =M N global analyses of all b — stT¢-

indicate a nonvanishing C" , with some preference for a
NP solution with Cj™° = C’I‘ONP =0.60(15); see, e.g.
[15]. Here the relevant four-fermion operators are 05 =
(57,PLb)(¢y"¢) and OF = (5y,PLb)(£r"ys¢). The data
thus imply the presence of NP contributions with a
V — A structure in the quark sector. However, additional

contributions of comparable magnitude but with a V + A
structure from the NP operators Of = (5y,Pgb)(£y"?),
O'fy = (57,Pgb)(¢y*ys¢) are still allowed by the cur-
rent data.

In the class of models we are considering only the 05
and Of, are generated at one loop; see Fig. 1. The V — A
current in the quark sector is a clear prediction of the
models, while the structure of the couplings to leptons
depends on the details of the model. For simplicity we
assume that NP predominantly affects the b — syt~
transition and not the b — sete”. This leads to LFU
violation when comparing b — syt u~ with b — sete™.
It also modifies the total rates in various b — syt~
decays, in accordance with indications of global fits
[12-15]. On the other hand B,, B, and K° mixing via
7' exchange arises only at the two-loop level and is well
within present experimental and theoretical precision.

Since the NP sector does not contain new sources of
flavor violation, this class of models respects the MFV
ansatz. In MFV, a shift to C§,, can be correlated with the
analogue contributions to rare kaon decays. For instance, the
K* — ztui(y) decay branching ratio is modified to [52]'

B(K* - rui(y)) = (8.4 £1.0)x 107!
Cf NP Cf NP) 2

. (4)

SM

where  Xgy = X, + (Xo + 60X, )V VesViy/ ViV =
2.10 + 0.24i with X; defined, e.g. in [53], and have written
for the weak mixing angle sy = sinfy, =0.48, ¢y = cos Oy.
For values of C’;%P that are preferred by current b — s£¢
data, the resulting effect in K — zvv is small compared to
current experimental uncertainties, but could be within reach
of the ongoing NA62 experiment [54]. Similar comments
apply to the theoretically very clean K; — 7% decay. The
decay K; — n°u*u~ is modified at the level of O(5%) by
such NP models. To observe these effects the experimental
sensitivity [55] would need to be improved by two orders
of magnitude in conjunction with some improvements in
theoretical precision [56]. The decay modes K™ — nte™e™
and K™ —» ntu*tu~ are dominated by long distance con-
tributions, while the NP contributions are expected to only
give effects below the permille level and thus be unobserv-
able. The same is true for the K; — T p~ transition, where
again the NP contribution is drowned by the SM long
distance effects.

III. THE MINIMAL ALIGNED U(1) MODEL

We discuss next the simplest realization of the above
framework. We restrict ourselves to the case where on the

"This is for leptons in an isospin singlet state, while for an
isospin triplet combination, the NP contribution flips its sign.
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leptonic side only the muons are affected by NP. The
minimal model has a new U(1)" gauge symmetry that is
spontaneously broken through the vacuum expectation
value (VEV) of a scalar field, @, transforming as & ~
(1,1,0,¢") under SU(3) x SU(2), x U(1)y x U(1)". The
model contains, in addition, a colored Dirac fermion
T'~(3,1,2/3,4'). The SM is thus supplemented by the
Lagrangian

m> 72\ 2
Lyay = |(D,®)P - 2;; <c1>2 - E)
_ 1
+T'(ip = Mp)T’ —ZF;EW (5)

where D, D igq'Z,, the U(1)" part of the covariant
derivative, F}, = 0,7, — 0,Z,, the field strength for the
gauge boson Z', and ® = (¢ + 7)/+/2. Here j is the U(1)’
gauge coupling, ¥ is the VEV that breaks the U(1)’, while ¢
is the physical scalar boson that obtains mass m, after
spontaneous breaking of U(1)’.

All the SM fields are singlets under U(1)’. There are
only three renormalizable interactions between the SM and
the U(1)" sector: the Higgs portal coupling @ to the SM
Higgs, H; the U(1)" kinetic mixing with the SM hyper-
charge, B,,; and a Yukawa-type coupling of 7" and @ to the

SM right-handed up-quarks uk,
Lyix = —X|OP|H> — eB*F,, — (yyT®ul +H.c.) (6)

The summation over generation index i = 1,2, 3, is implied.
While y’. can in general take any values, we assume it is
aligned with the right-handed up-quark Yukawa coupling,
i.e., that the two satisfy the basis independent condition
[y5-y7. yhya] = 0. In the up-quark mass basis thus yi/ ~
diag(0,0,y,) and yi ~ (0,0, %), so that at leading order
Z(Z')-couplings to light quarks remain exactly SM-like
(vanish); see Refs. [57,58] for more detailed discussion.
Such a structure is natural in flavor models of quark
masses where the commutator above does not vanish
exactly, but it is still sufficiently small to avoid dangerous
Z- and Z'-mediated flavor changing neutral currents. For
example, in Froggatt-Nielsen type models with horizontal
U(1) symmetry [59] one has y;~yy(cAs, cide, 1),
with Ac~0.2 and c,.~O(1). If U(1) is gauged, the
charm mixing [60] bounds the corresponding Z' to
my 2 |Re(c,ck)| x 250 GeV, for O(1) gauge couplings
and large mixing between 7 and T, as in Fig. 2. While these
start to probe interesting parameter space they do not yet
exclude the above explanation of the b — sy~ anomaly.

In the rest of the paper we ignore the mixing of 7" with
the first two generations of quarks. For simplicity we also
assume that |y%| > 1, ¢, and neglect the Higgs portal
and the kinetic mixing couplings. After electroweak
symmetry breaking the #— T’ part of the mass matrix,
M, for up-type quarks and 7" is given by

mr=35mz, sg=0.4, ¢ v=—q'ua=4¢'/3

30F
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FIG. 2. The constraints in the g, m, plane coming from dimuon
searches at the LHC for Br(Z' — p*p~) = 0.25, 0.50, 1 (from
darker to lighter orange). The area above the dashed purple line is
disfavored by v-trident production. The blue region shows the
parameter space preferred by the b — s£7¢~ anomalies.

T’ _ yt’u/\/j 0 >
My (ymﬂ M) g

where v = 246 GeV is the SM electroweak (EW) VEV.
The mass eigenstates, ¢, T, with masses m, = 173 GeV and
my, are an admixture of the interaction states with the
mixing angles for two chiralities, 6, g, given by

VY70

tan(260;) = = ) 8

R T IR R
\/ZyIMT;f

tan(20y) = I — . 9

N T R

In the phenomenological analysis we will take

YU, Y50 < My, in which case 0 ~ y.0/Mr and 0; ~
Orv/My. The two mass eigenstates, ¢, T, have masses
m, = y,v/\/2, my = My, or more precisely,

i
\/53

2(m? +mj) =2M% + (y,0)* + (yp0)2.  (11)

mgmyp = MT (10)

The couplings to the massive gauge bosons are thus
given by

‘Cint = —%V,,-[(CJ + SLT)WJrPLdJ + H.c.

—5 (et + 5, T)ZPy (et + 5. T) = 253 ThZ,)
w

—9q'[(sLT - CLT)Z/PL(SLI —c.T)
+ (sg? — cgT)Z' P(sgt — cgT)), (12)

035002-3



KAMENIK, SOREQ, and ZUPAN

PHYS. REV. D 97, 035002 (2018)

where we used for shortness s, z(c; g) =sinf; g(cos; g).

The SM weak coupling constant is g=2my/Gp\/2 =
0.65,V; j are the elements of the unitary 3 x 3 CKM matrix,
and Jiy = 2(iy*t + Ty*T)/3 is the relevant EM current.

In the limit M; > v, v the dominant effect is in the
new 7Z'Pgt interaction which is suppressed by 1/M?2,
while modifications of W and Z couplings appear at
O(1/M%). The mixing angle 6, is constrained by electro-
weak precision tests. The modification of the p parameter is
given by [58]

aNe m? r
Ap = 167rs%4,m7%tvs% [—(1 +c2)+ sir+2c? - 1log r]
2
+0<m—§>, (13)
my

where r=m2/m?. A comparison with the experi-
mental value Ap,, = (41]) x 107 [1] yields s, < 0.2 for
my 2 1 TeV.

The renormalizable vector and axial muonic current
couplings to Z’ are in general given by

LY = —GRZ(q,\ + ) avs)h (14)

We assume that the Z' couplings to charged leptons
are flavor diagonal and focus on couplings to muons.
The effective couplings of Z' to the muon, gy, q, 4,
depend on the embedding of U(1) in the UV theory.

For instance, if only y;, couples to Z', then ¢, = —qy 4,

giving 4™ = —C% ", This possibility is somewhat pre-

ferred by present b — s£¢ global fits. Such structure arises,
if the SM muon EW doublet, L = (u;,,v,), mixes with a
heavy Dirac fermion lepton, L, through a Yukawa
interaction yul_,qDLT (a possibility of this type was first
discussed in [61]). The L; has the same electroweak
charges as L, but is in addition charged under the U(1)
with the opposite charge to ®. The Ly decays predomi-
nantly through L; — uZ,vW — uvv. Chargino searches at
the LHC in the dilepton + MET channel bound M, 2
600 GeV from L; pair production [62,63]. If there is in
addition a heavy U(1)’ lepton with electroweak charges of
the right-handed muon then there is no fixed relation
between C4™° and /)" Furthermore, Z' can also couple
to electrons and taus, a possibility we do not pursue in
detail, but may be important for LHC searches and their
relation to LFU violating observables in B decays, as well
as to K — zvv decays. Depending on the details of how the
leptonic sector is extended one may also potentially explain
the g — 2 anomaly.

The leading Z' effects in rare semileptonic B meson
decays are captured by the shifts to the Wilson coefficients
(see also [64])

g A A
% ¢ \N\N

t t T T
t T
g g g g
g A g "
% t
t t z!
t
g VA g t

FIG. 3. Representative Feynman diagrams for pp — jZ'
production at the LHC (first row, in addition to the box
diagrams there are also triangle diagrams), and for pp — ZZ' and
pp — tiZ' production.

1 m2 §72 m2

NP

Coto =54 %y mz’ ?sﬁ log<m—%Tv> 4+, (15)
Z!

where we have kept only the dominant, logarithmically
enhanced term. We observe that sufficiently large C’;%P as
preferred by current data can be generated for O(1) values
of the U(1)’ charges and gauge coupling, provided m lies
below O(TeV); see Fig. 2.

The searches at the LHC for dimuon resonances
could put important bounds on the Z’' couplings and its
mass or lead to its discovery [65,66]. The most important
production channels are the tree level pp — 177/, as well
as pp — ZZ' and pp — jZ' production through top and
T loops. The representative diagrams for these are shown
in Fig. 3 (see also [67]). For the calculation we use
MadGraph5 aMC@NLO [68] with a modified model file
[69] for the model of Ref. [70].

The Z’ boson decays to pairs of muons and, if it has a
mass above the 2m, threshold, also to top quarks. The
relevant fermionic widths are given by

- N¢ .
[(Z - 1) = Eg%’z(si + sk)my, (16)
|
D(Z = ppn) = -3 dpy + dea)mz. (17)

neglecting the m?/ m%, suppressed terms. Similar expres-
sions apply to potential Z' — v and/or Z' — 777~ decays,
with obvious replacements in the notation. For Z’ that
predominantly couples to one left-handed lepton flavor
(two lepton flavors with the same strength) one has
Br(Z' — ¢¢) ~ 0.5(0.25) for each charged lepton.

In Fig. 2 we show the constraint from the recent ATLAS
high-mass dilepton resonance search [65] in the gg’ and
m’, plane. We fix the heavy T top partner mass to be
my = Smy with sg = 0.4 and taking g,y = —q,,, = ¢'/3.
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The s; ~sgv/my is small enough so that electroweak
precision tests are not constraining in the shown parameter
space. For the above parameter choice the branching ratios
to 77 and pu~ are similar. Following ATLAS analysis we
use a 40% acceptance for the dominant Z’'j production
channel and show the bounds derived for I',//m, = 0.08,
adjusting for the fact that ATLAS assumes equal decay
probabilities for Z' — utu~ and Z' — e*e™. The regions
that are excluded by the dilepton resonance search [65], for
Br(Z' — uu) = 0.25, 0.50, 1, are shown in orange. The 1o
region preferred by the b — s£* £~ transitions is shown in
blue. We see that existing dimuon searches are already
covering interesting parameter space. Still, it would be
important to gain another order of magnitude in the
sensitivity of the experimental searches as the precise value
of Br(Z' — pu) is model dependent. For larger Z' masses,
my 2 300 GeV, the tree level pp — iZ' cross section
becomes larger than the loop induced pp — Z'j process.
Thus, searches for dimuon resonances in association with #7
can provide an important additional handle on this model.

An important probe of Z’ coupling to left-handed muons
is the neutrino trident production [71]. The resulting upper
bound on gg,, is given by the dashed purple line in Fig. 2.
This is much more constraining than the bounds from LFU
violation in leptonic Z couplings, induced at one loop,
because the Z' couples to muons but not the electrons [72]
(see also [73]). Finally, since the heavy quark, T, or
vectorlike leptons, L, are charged under both Z' and
hypercharge, one expects kinetic mixing between the Z’
and the SM B gauge field at the one-loop level, € ~ 1073.
This is below present bounds in our preferred range of Z’
masses; see e.g. [74].

IV. BEYOND THE MINIMAL MODEL

The above minimal model can be extended in several
ways. For b — s¢ ¢~ decays the only essential ingredient
is that the Z’ couples to top quarks and to muons. It is very
easy to deviate from this minimal assignment, and also
couple Z' to 7 leptons without significantly changing the
phenomenology. The main effect is on Z’ searches since in
that case the branching ratio for Z' — u*u~ is reduced,
making the searches less sensitive, while on the other hand
opening a new search channel of Z' — 17,

The simplest model can also be viewed as a simplified
model for strongly interacting NP. In this case the Z’ is the
lightest resonance in the strongly interacting sector, while
the @ field can be thought of as a condensate of the strong

dynamics that breaks dynamically the hidden U(1)" corre-
sponding to the Z’ vector. The couplings of Z’ to tops and
muons then depend on the compositeness fractions of these
two fermions. It is then also natural for the Z’ couplings to
the lighter quarks to be suppressed, since these are presum-
ably less composite, while one would expect the couplings
of Z' to tau leptons and possibly b-quarks to be enhanced. In
this case the Z’' — " p~ branching ratio can be significantly
smaller than in the minimal renormalizable model we
considered above, while searches for resonances in the ditau
channel can become more sensitive (see e.g. [75]).

V. CONCLUSIONS

In conclusion, we introduced a Z’' model, whose defining
feature is that the Z’ couples to the up-sector, and that can
explain the b — sy~ anomaly. The V — A structure of the
quark current in the b — s transition is a clear prediction of
such models. The b — syt~ decay is due to a Z’ coupling
to muons and top quarks, where the flavor changing
transition is predominantly due to a top-W penguin loop.
The flavor structure is of the minimal flavor violating type,
naturally leading to b — sy~ decays as the most impor-
tant precision flavor observables. The Z’ is expected to be
light, m7 < TeV, and can be as light as a few 100 GeV. It
can be searched for in dimuon and ditop channels, either in
inclusive searches or in a production in association with Z, or
with a 77 pair.
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