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Abstract We use the results of CMS and ATLAS searches
for resonances that decay to v or th and Tt~ or tf final
states to constrain the parameters of non-universal W’ and
Z' gauge bosons that couple preferentially to the third gener-
ation. For the former we consider production from cb anni-
hilation and find very weak constraints on the strength of the
interaction and only for the mass range between 800 and 1100
GeV from the pp — 11 p‘T‘rliss channel. The constraints on
the latter are much stronger and arise from both #7 and T "7~
production. Treated separately, we find that the weak con-
straints on the W’ still permit an explanation of the R(D™))
anomalies with a light sterile neutrino whereas the stronger
constraints on the Z’ exclude significant light sterile neutrino
contributions to the K — mvv rates. Within specific models
the masses of W’ and Z' are of course related and we briefly
discuss the consequences.
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1 Introduction

The CMS and ATLAS experiments have both searched for
exotic resonances that single out the third generation. In par-
ticular CMS has reported a result from an integrated lumi-
nosity of 35.9 fb~! at /S = 13 TeV on searches for a W’
that decays into a tau-lepton and a neutrino [1] while ATLAS
has reported results for the same channel with 36.1 fb~! at
VS = 13 TeV [2]. In both cases the analysis was carried
out with benchmark models for the W’ in which production
through ud annihilation is assumed. This is inadequate for
truly non-universal models where the couplings to the first
generation quarks can be suppressed by many orders of mag-
nitude. We reinterpret these searches by comparing the exper-
imental results to cross-sections obtained from cb annihila-
tion production of the W’. ATLAS has also reported a search
in the top-bottom final state with 36.1 fb~! at /S = 13 TeV
[3] which is not yet competitive with the tv channel.

In the same manner, searches for non-universal Z’ bosons
have also been reported in the Tz~ channel by CMS with
2.2fb~!aty/S = 13 TeV [4] and in the /7 channel by ATLAS
with 36.1 fb~! at /S = 13 TeV [5]. The models studied in
these cases also assumed couplings of the Z’ to first genera-
tion fermions and we reinterpret those results for models in
which the Z’ is dominantly produced from bb annihilation.

Our study is motivated by a possible explanation for the
so-called charged B anomalies. Measurements of R(D) [6—
8]and R(D™*) [6-11] show hints for a deviation from the SM.
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These observables are defined as
B(B — Dt~ ;)
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In both cases the measurements are higher than the SM with a
combined significance of about 30. Many new physics mod-
els have been proposed as possible explanations. One class
of such models accomplishes these enhancements with a new
right-handed neutrino and a (right-handed) W’ [12-17]. The
couplings of the W’ are non-universal, preferring the third
generation as suggested by the results for R(D™). These
studies suggest that a viable explanation within these models
is possible with a W’ mass near 1 TeV, that therefore could
be studied by the LHC. The authors of Ref. [18] have argued
using an effective Lagrangian that the operator relevant for
this explanation of R(D™)), would result in an enhanced pro-
duction of mono-tau events that is ruled out by CMS mea-
surements [1]. In this paper we reexamine that result for a
specific model, finding that this explanation of the charged
B anomalies is not yet ruled out by LHC data.

For a benchmark non-universal right-handed W', we rely
on an SU(2) x SU(2) model that we have studied at length
before [19,20]. The model also contains a Z" which can have
interesting consequences for rare flavour processes such as
K — mvv. Our paper is organised as follows: in Sect. 2
we review the details of the model that are necessary for
this study and summarise known constraints. In Sect. 3 we
confront the W’ and Z’ in the parameter region of interest
for the flavour results with available LHC searches. In Sect. 4
we revisit the viability of these scenarios as sources for large
deviations in flavour observables, and in Sect. 5 we conclude.
Taking the W’ on its own, we find that in combination with a
light sterile neutrino, this is still a viable explanation for the
R(D™) anomalies. On the other hand, the constraints on the
Z' rule out significant enhancements to K — mvb modes
through the addition of light sterile neutrinos that couple to
the Z’. We comment on connections between the two sets of
bounds within the context of a specific model.

2 The model

Our starting point will be the non-universal LR model of
[19,20]. To single out the third generation we augment the
SM gauge group with a second SU(2) under which only
the third generation right handed fermions are charged. The
gauge groupisthen SU(3)c x SU )L xSU2)gxU(1)p—
with gauge coupling constants g3, gz, gr and g, respec-
tively. In the weak interaction basis, the first two genera-
tions of quarks QIL’2, U}e’z, Dllf transform as (3, 2, 1)(1/3),

@ Springer

(3,1,1)(4/3)and (3, 1, 1)(—2/3), and the leptons L} %, E >
transform as (1, 2, 1)(—1) and (1, 1, 1)(—2). The third gen-
eration, on the other hand, transforms as Qi 3,2, 1)(1/3),
0% (3,1,2)(1/3), L3 (1,2, 1)(=1) and L3 (1,1,2)(=1).
These assignments provide universality violation. The third
family has, in addition to the SM fermions, a sterile neutrino
which we denote by Ng. It appears as the partner of the 7
in the right-handed doublet L3.

Since the new right-handed gauge bosons must be heavier
than the W and Z, we separate the symmetry breaking scales
of SU(2), and SU(2)g, introducing two Higgs multiplets
Hp (1,2, 1)(—1) and Hg (1, 1, 2)(—1) with respective vevs
vy, and vg. An additional bi-doublet ¢ (1,2, 2)(0) scalar
with vevs v 2 is needed to provide mass to the fermions.
Since both v and v, are required to be non-zero for fermion
mass generation, the Wy and Wg gauge bosons of SU(2)1
and SU (2) g will mix with each other. In terms of the mass
eigenstates W, Z and W', Z’, the mixing can be parametrized
as

Wr =coséwW —singw W' Wpg =sinEy W + cos&yw W/,
Z; =cosézZ —sinkzZ' Zg =sinézZ +cosézZ’ )

The model can provide potentially large contributions to
amplitudes that involve third generation fermions when
&R > gL, where the new gauge bosons interact very weakly
with the first two generations. The dominant gauge boson-
fermion interactions in this limit are given by

Lw

—%URV“VRDR(Sin(ﬁWW:+cosEWW;L+) + h.c.,

Lz %tan@w cotOr(sinézZ, +cos$zZl/l)
x (d_Ri Vg;i ngjyﬂdk‘, — iR, Viyi V)%zjV””Rj)

8R -
+ 5 (TvuPrT = Nryu PrNR) Z), 3)

where U = (u, ¢, t),D = (d, s, b), Vgkuy is the
Kobayashi-Maskawa mixing matrix and Vg = (Vg;j) =
(V;;;ki Vlci’lh /.) with V;él?;i the unitary matrices which rotate the
right handed quarks u g; and dg; from the weak to the mass
eigenstate basis.

2.1 Constraints

This model has been studied at length before and here we
summarize known constraints with appropriate numerical
updates.

e Perturbative unitarity. To single out the third generation
we require gr > g1 and use perturbative unitarity near
the electroweak scale to set the upper bound. In the large
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gr limit! we find

2
cot? O = (g—R cot 9w> —1
8L

= g tan Oy cotOg ~ gg. “®

the two couplings appearing in Eq. (3) are the same, and
writing the perturbative unitarity condition as g%/ 2 <
47 results in gg < 5. In order to compare with recent
literature we will define the perturbative unitarity limit
below in terms of the maximum resonance width, and
this results in a similar number.

e LEP constraints. The mostinteresting limit from e
ttr~andete™ — bb at LEP can be summarized by the

relation [20]

Tem —

grMz S gLMz. (5)

e Gauge boson mixing. For the model to be phenomeno-
logically viable, both &y (from B — Xy [19]) and &7
(from Z — 71 [20]) are required to be very small

—0.0014 < 2R &y, < 0.0018, <3x1073
8L

8R
—£&z
8L

(6)

and we will set them to zero for the remainder of this
study.

e Right handed quark mixing angles. The mixing angles in
Vi 4 control the size of tree-level flavor changing neutral
currents of the Z’ and are also severely constrained. The
complete set of constraints can be found in [21,22], but
the most relevant for this study are obtained by combining
B; and B; mixing to yield

|Var Va1 < 6.7 x 1077 @)

This constraint (and others found in [21,22]) can be satis-
fied in a simple manner with the ansatz described in Ref.
[23], which in turn yields predictions for Vp, iz In particu-
lar, for this study we satisfy Eq. (7) as ng i = dp; and the
ansatz thenresultsin Vp, ~ 1, Vg~ Vep, Vg~ Vip.
Importantly, it also results in VR’fm Vl‘éb g < few x 1077,
which implies that W’ production from light-quark anni-
hilation is completely negligible at LHC.

When we combine the above results with gg > g1 the
couplings in Eq. (3) reduce to

8R /- * =
Ly = _ﬁ (tRy“bR + V% ¢RY" bR + Nryu PrT )

! For a complete description of the model see [19,20].

le/f + h.c.,

8R (- - - _
Lz = > (bry"br—TRY" tR—Vepiry" cR — VRV IR)

C.
8R /-
xXZ, + > (TyuPrT — NrYuPRNR) Z,, (8)

Eq. (8) defines the simplified model used in this study.

2.2 Resonance width and branching ratios

A recent model independent analysis of LHC constraints on
a W’ with dominant couplings to third generation fermions
[18] serves as motivation for this study. In order to compare
with that paper, or to cast our study in a more model indepen-
dent way, we can trade the couplings of the W’ in the limit
discussed above for the resonance width, this results in
Dy g7
— =1+ N)—. 9
= (14 Nt ©)
The second term, proportional to N, corresponds to the top-
bottom channel for which we assume My > M, and the
first term to the T Ng channel where we assume that the sterile
neutrino is light, My > My,. Defining perturbative uni-
tarity as Ref. [18] does, requiring the width to mass ratio be
smaller than 1/2, results in
gr < 434 or (g—R> <67 (10)
8L
which is within the range that has been previously discussed.
In this large gg limit, one also finds that

4Py,
B(W' = tNg) ~ 25% —"

— 11
3+ Py (v

where we have now included a phase space factor

2 2 4
Py = (1 - AA;—QV) (1 - 2]‘;[’; - 21;11 ) (12)
w’ w’ w’
to correct for the mass of the sterile neutrino when it is large
but still below Myy.
It is also useful to express the Z’ gauge coupling in terms
of its width. In the limit where g is large, the dominant con-

tributions will be from decays into third generation fermions
plus the new right-handed neutrino, resulting in

Lz g%{

M_Zr_(]JrN")@' (13)
The second term arises from decays into bottom and top-
pairs, again assuming Mz >> 2M;, and the first term from
decays into tau-lepton pairs and Ng pairs assumed to be light.
Note that, with the assumptions listed above, the Z" and W’
widths are the same. If the sterile neutrino mass is not negli-
gible but still below half the Z’ mass, the Z' — Nz Nz mode

@ Springer
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Fig. 1 I'/M forboth W’ and Z' as a function of gg /g1 . The horizontal
dashed line is adopted as the boundary for perturbative unitarity

would be suppressed by the phase factor

M? aM?
Py = (1 - —;V> 1-—X (14)
M2, M2,
resulting in
1
BZ A i 15
(Z' = vy~ 5o (15)

The region of parameter space that is of interest for this study
has gg > g1 and from Egs. (9) and (13) we see this corre-
sponds to relatively fat resonances as can be seen in Fig. 1.
Assuming that the resonances are much larger than both the
top-quark and the sterile neutrino masses, the figure shows
the ratio I'/ M for both W' and Z’ as a function of gg /g1 . The
dashed horizontal line marks the limit we use for perturbative
unitarity.

3 Signatures at the LHC

For our numerical study to recast the LHC constraints
we implement the Lagrangian of Eq. (8) in FEYNRULES
[24,25] to generate a Universal Feynrules Output (UFO) file,
and then feed this UFO file into MG5_aMC@NLO [26]. We
have used the PDFALHC15_nlo_mc set of parton distribution
functions including for the b-quark. A few generic remarks
apply to the level of uncertainty in this numerical study. The
largest systematic uncertainty in the parton-level simulation
is the PDF uncertainty as already argued in Ref. [14]. We
illustrate this in Fig. 2, where we show the 1o uncertainty
band obtained by using PDF errorset replicas. The figure
illustrates production cross-sections pp(bc) — W' (left)
and pp(bb) — Z’ (right) for the mass regions of inter-
est to the constraints we obtain later. For W’ production
with gg = 3.96 the uncertainty for the mass range shown
ranges from 7.4% to 9.8%, whereas for Z’ production with
gr = 3 it ranges from 14.3% to 17.7%. In addition, the
flavor physics motivations for this study suggest looking at

@ Springer

coupling constant values near their perturbative bound. This
implies that the model tree-level calculations also have a large
uncertainty. In addition, the production of W’ depends on
a subleading unknown parameter in our model, Vg, .. We
have argued before that this is expected to be of order and
V}gt .~ Vep and used this for our estimates. But it is impor-
tant to keep in mind that this parameter can also be treated
as a free parameter that can change the W’ production cross-
section without affecting its width significantly.

31w

We begin with the right-handed W’ with couplings as in
Eq. (8). Single production of this W’ at the LHC is then
dominated by cb (b¢) annihilation as the couplings to u, d
quarks are zero in this approximation. The dominant decays
would be into t Ny if kinematically allowed, and into tb(bi).
Searches for W’ bosons in both of these channels have been
carried out: by CMS in the 7, + p‘}‘iss final state with 35.9
fb~! at 13 TeV [1], and by ATLAS in the th(bt) final state
with 36.1 fb~! at 13 TeV [3].

The parameter region of interest corresponds to fat res-
onances (see Fig. 1) and consequently the narrow width
approximation is not expected to be reliable. We compute
the cross-section o (pp — 1 Ng) with MadGraph, allowing
contributions well outside the resonance width but working
with an energy independent width. The calculation defined
in this way corresponds purely to new physics and the cross-
section scales approximately as g%. The use of an energy
independent width for fat spin zero resonances is known to
overestimate the cross-section in the vicinity of the resonance
[27,28]. We multiply o (pp — t Ng) by the branching ratio
for hadronic tau decay, approximately 0.65, in order to com-
pare our results with Figure 5 of [1] (CMS). We expect this
calculation to overestimate the cross-section due to the use
of an energy independent width and to our neglect of detec-
tor effects, in this sense our limits will be conservative. The
use of the specific final state with the sterile neutrino removes
interference terms with the SM that could occur in more gen-
eral models.

Our results foro (pp — W' — 15 prT“iSS) are presented in
Fig. 3. The left panel illustrates our cross-sections for val-
ues gr/gr = 5.4,6.1,6.5 as the solid, dashed and dotted
blue lines. These model calculations are superimposed on the
CMS limit: 95%cl observed (solid), expected (dashed), lo
(green) and 20 (yellow) taken from Figure 5 of [1]. The result
exhibits an interesting behaviour: the largest value of gr /g1
shown corresponds to gg = 4.24 and is near the perturbative
unitarity limit. The cross-section in this case lies within the
expected 1o exclusion for any value of My~ below about
1 TeV. However, it lies above the CMS observed 95% CL
bound only for the range 826 < My, < 1100 GeV. Taken at
face value this means that both light and heavy resonances
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Fig. 2 Production cross-section lo uncertainty bands for pp(bc) —
W' (left) and pp(bb) — Z' (right) obtained for gg = 3.96 and gg = 3
respectively. The band only reflects the uncertainty in the parton distri-
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g
Ex 100} o
S CMS (Thepliss)
1+ 50t ]
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Fig. 3 Left panel: o (pp — W' — 1) for gp = 3.53,3.96,4.24
(gr/gL =5.4,6.1, 6.5)solid, dashed and dotted blue lines respectively,
superimposed on the CMS results: 95% CL observed (solid), expected
(dashed), 1o (green) and 20 (yellow) (Figure 5 of [1]). The right panel

are allowed at the 95% CL. The dashed curve corresponds to
gr = 3.96 and constitutes a limiting case: it barely touches
the CMS observed 95% CL bound at My, ~ 990 GeV. Val-
ues of gg < 3.96 are therefore allowed for any value of
M. The right panel shows the allowed region in My — gg
parameter space, the area below the blue line. The boundary,
labelled gr(max), is obtained from the intersection between
the o (pp — W’ — 1) curve in the model and the CMS
observed 95% CL bound. This line then represents the con-
straints from this process for the narrow window between
3.96 < gr < 4.34 (where we reach the perturbative unitarity
limit). This perturbative unitarity limit, as well as ggp = 3.96
(the lowest value that is constrained by the CMS data) are
shown as horizontal dashed lines. The ATLAS results [2] are

bb— 7'

0.07

0.06

0.05
=
= 0.04
S

0.03

0.02

—
——
0.01
1.8 1.85 1.9 1.95 2 2.05 2.1 215 2.2
MZ’ [TeV}

bution functions. The couplings and mass ranges have been chosen to
illustrate the more interesting regions found in the next subsections

1000 1100

M, (GeV)

800 900 1200

shows the maximum value of gg allowed by the CMS observed 95%
CL bound for a given W’ mass. The horizontal dashed lines mark the
strongest constraint and the perturbative unitarity limit on gg

currently less restrictive than CMS and do not change this
picture.

The W’ in the models considered in [1] is left-handed and
narrow, whereas our W’ is right-handed and fat and these
differences could affect the analysis. In particular, the right-
handed t-lepton produced in our model, has different decay
kinematics from its left-handed counterpart. To take this into
account we turn to the model independent limit produced by
CMS (Figure 8 of [1]). The CMS analysis assumes a certain
shape for the mr distribution, where

mr = \/2p5 P (1 — cos AG (5. F). (16)

To correct for a different m 7 distribution, one needs to com-
pare the calculated o B against the CMS result applying a

correction factor f,,, (mf}‘i“), given by the fraction of gener-

@ Springer
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Fig. 4 Left panel: f,,, (m'}‘i") for a left and right-handed W’ of mass
1 TeV and width corresponding to gg = 3.96. Right panel: comparison
of o(pp - W' — 1v) for gr = 3.96 and My = 800 GeV (black),

ated events with my > m'}‘i“ as calculated in our model. To
calculate this factor we first process our events with Pythia
8 [29,30] which includes fully modeled hadronic tau-lepton
decays based in Tauola and Herwig++ [31-33]. We then anal-
yse the results with Rivet [34] and at this stage we can apply
the final cuts used by CMS: p7. > 80 GeV; p‘}liss > 200 GeV
and A¢(pT., pT'%) > 2.4 rad.

Our results are shown in Fig. 4. In the left panel we com-
pare fi, (m ?i“) for a left and right-handed W’ of mass 1 TeV
and width corresponding to gr = 3.96 in our model, with
statistical uncertainties on a sample of 100k events. For the
left-handed case we use a non-SM neutrino to insure that
there is no interference with the SM. In the right panel we
compare our model results for three different W’ masses to
the CMS model independent limit. From this figure, we con-
clude that CMS restricts My < 1 TeV for gg = 3.96 which
compares with My < 950 GeV shown in Fig. 3. Two com-
ments are in order: first, our results using the true T momen-
tum produce limits that are a bit conservative (5% in this
specific case); and second, the different limits fall within the
PDF uncertainties as shown in Fig. 10.

The other important decay channel in the modelis W'+ —
tb, which becomes the dominant one for a heavy sterile neu-
trino. It can be constrained in principle from the cross-section
o(pp — W't — tb). The current ATLAS result from
36.1 fb~! at /S = 13 TeV (combination of semileptonic
and hadronic searches) does not yet constrain this model as
illustrated in Fig. 5 where we show the model prediction for
gr = 4.24 (near its perturbative unitarity bound) in blue.

327

The production mechanism for the Z’ is less model dependent
than that of the W’ as the leading flavour diagonal couplings
to fermions do not depend on unknown mixing angles. In the
limit of Eq. (8) the dominant production at LHC is initiated
by bb annihilation. The main final states of interest are ¢7 and

@ Springer
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1 TeV (blue) and 1.2 TeV (red) with the model independent limits of
CMS: 95% CL observed (solid), 20 (yellow) from Figure 8 of [1]
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Fig. 5 o(pp — W'F — 1b) for gg = 4.24 shown as a blue line,
superimposed on the ATLAS limit: 95% CL observed (solid), expected
(dashed), 1o (green) and 2o (yellow) from Figure 8 of [3]). The data
does not yet constrain the model

417, a bb final state is also possible but its study is more
difficult due to QCD backgrounds.?

In Fig. 6 we compare our Z’ production from bb anni-
hilation followed by decay into di-tau pairs in all tau decay
channels with the CMS result of Ref. [4]. On the left panel
we superimpose the cross-sections o (pp — Z' — t117)
for representative values gg = 2.5, 3, 3.5, 4 shown in blue
(with increasing values of gg from the leftmost curve) onto
Figure 2e of [4]. We treat the fat resonance in the same man-
ner as before: use an energy independent width and compute
o(pp — t+17) allowing for contributions away from the
resonance but not including interference with the SM. The
right panel shows the maximum value g g can take for a given
My as determined by requiring the model cross-section to
be below the 95% CL limit observed by CMS, and the dashed
line marks the perturbative unitarity limit on gg.

In Fig. 7 we compare ¢7 production from b annihilation
through an intermediate Z" with the ATLAS result shown in

2 Hadron colliders constraints on this type of Z’ produced from light-
quark annihilation were studied in Refs. [35,36].
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1 CMS combined {
all channels]

0.100
0.050

a(pp » Z' - 17)(pb)

0.010}
0.005

1500 2000 3000

My (GeV)

500 1000 2500

Fig. 6 Leftpanel: we reproduce the 95% CL observed (solid), expected
(dotted), 1o (green) and 2o (yellow) from CMS Figure 2e of [4] for
the process o (pp — Z' — 171 7) and superimpose the cross-sections
predicted in our model for representative values grp = 2.5,3,3.5,4

Figure 9 of [5]. The ATLAS figure is split into a resolved
and boosted analysis by the vertical line at 1200 GeV. The
shape of the observed limit makes it difficult to interpret the
constraints this result imposes on our model. Taken at face
value, gg cannot exceed the value for which the prediction
intersects the 95%CL observed ATLAS limit (solid black
line in the left panel) and this is depicted on the right panel.
The figure suggests that masses below about 1500 GeV are
excluded for the parameter region with gg >> g1, although
strictly speaking there remains a window near 1 TeV with no
meaningful constraints. For masses above 2.2 TeV gg < 3
is allowed and for masses above 2.8 TeV all values of gg <
4.34 (in the perturbative region) are allowed.

3.3 Four third generation fermion production at LHC

An ideal way to test this type of model is to search for final
states with four third generation fermions in the final state.
The enhanced signal for these channels would occur through
resonance pair production or through resonance production
in association with a heavy quark pair. Some of these chan-
nels have already been identified as promising for this model
in Ref. [35-37], but at present there is no constraining data.

A particularly interesting channel for this study is W'+t W'~
production which has a model independent component
through the electromagnetic coupling. We have computed
the cross-section for pp — W'tW'~ — tbib for illustra-
tion, as this final state has the most constraining results at
present. The photon intermediate state is not the only con-
tribution, in the limit of Eq. (8) there are also bb and c¢
initiated t-channel diagrams contributing. For the parameter
range discussed so far, 3.0 < gr < 4.3, the photon contri-
bution is largest for the smaller values of gr and the largest
values of My and does not exceed 34%. This means that
the pair production cross-section is also model dependent. In

gr(max)

2200 2400 2600

Mz (GeV)

1800 2000

shown in blue (with increasing values of g from the leftmost curve)
that follow from Eq. (8). Right panel: upper limit on gg as a function
of My as read from the left panel

Fig. 8 we compare the model results for a range of param-
eters to existing bounds on pp — tbtb from two ATLAS
searches. The dotted, dashed, solid black lines are the model
predictions for gp = 3.53, 3.96, 4.24 respectively and the
yellow band on the left figure is the 95% cl expected limit
from 13.2 fb~! at /S = 13 TeV collected by ATLAS for
the search pp — thHt x BR(HT — tb) [38]. The yellow
band on the right panel is for the same final state but from the
study of pp — bbH x BR(H — tf) [38]. The figure indi-
cates that this comparison will have to await more sensitive
collider searches conducted specifically for pp — W/t W'~
kinematics to constrain the model.

4 Flavour physics consequences
4.1 R(D) and R(D™*)

A W' in conjunction with a light sterile neutrino has been
proposed as a possible explanation of the R(D) [6-8] and
R(D*) [6-11] measurements [12—14,16,17]. To address the
viability of this explanation we examine the allowed param-
eter space in the gg — My plane with the specifics of Ref.
[13].

The required W’ would have a mass near 1 TeV, and Fig. 3
suggests that the largest coupling allowed in this region is
approximately gg = 4. For this parameter point the reso-
nance width is I'y /My = 42%, still within the perturba-
tive regime. The production of this resonance occurs from
cb annihilation and therefore it scales quadratically with the
mixing angle V.. To obtain the constraints of the previous
section we used Vﬁt . = Vep ~ 0.042 from the ansatz of
[23]. Clearly the constraints disappear if this mixing angle is
smaller, but in that case the model is no longer a candidate
to explain the charged B anomalies. The figure of merit to
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Fig. 7 Left panel: 95% CL observed (solid), expected (dotted), lo
(green) and 20 (yellow) limits on o (pp — Z' — rt) from ATLAS
Figure 9 of [5] on which we superimpose the cross-sections predicted
in our model for representative values gg = 2.5, 3, 3.5, 4 (shown in

10 ATLAS 95% c1]

a(pp - tb Tb)(pb)

600 800 1000 1200 1400 1600 1800 2000
M, (GeV)

Fig. 8 Model predictions for pp — W/* W'~ — tbib for gp =
3.53, 3.96, 4.24 shown respectively as dotted, dashed anﬁi solid
black lines. Left panel: 95% CL expected limits on pp — thH' x

explain the latter is the product of the couplings gy (W'bc
coupling) and g, (W't coupling) divided by the square of
the W’ mass.

Reference [18] argues that this explanation for R(D) and
R(D*) is ruled out because fitting these quantities requires
|gbegty /M3, = (0.6 +0.1) TeV~2, which is ruled out by
their recasting of the same CMS constraints we use in Fig. 3.
Our study of pp — W’ — 7Npg is in rough agreement
with [18] but we find that this process is still consistent with
explaining R(D) and R(D™) at the 1o level as can be seen
in Fig. 9. The figure shows the 1o and 3¢ contours from the
HFLAV average from Spring 2019 [39] as well as the SM
point. Superimposed on that result, the contribution of our
W' is shown as the narrow black band. The width of the band
is controlled by the smallness of the allowed W — W’ mixing
and the position along the band by the mass of the W’ for
gr = 4. The plot shows that the value My, = 900 GeV lies
approximately on the 1o HFLAV contour.

The point gg = 4, My = 900 GeV, corresponds to
|gbcg;v|/M€V, ~ 0.42 TeV~2 which is outside the 1o range
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blue with increasing values of gg starting from the lowermost curve).
Right panel: upper limit on gg as a function of My as read from the
left panel

10
ATLAS 95% cl

a(pp - tb tb)(pb)

0.100

0.010

0.001

1074 . . .
500 700 800 900

M, (GeV)

600 1000

BR(H* — tb) from ATLAS Figure 23 of [38]. Right panel: model
predictions shown with 95% CL expected limits on pp — bbH x
BR(H — tr) from ATLAS Figure 21 of [38]

0.40

Fig. 9 R(D) vs R(D*) HFLAV average from Spring 2019 [39] as red
contours, the SM as a blue dot and the band predicted by the model of
[13] for gr = 4.0)

quoted in Ref. [18]. However, the HFLAV fits to R(D) and
R(D*) (particularly for the former) are now lower than they
were in 2018 and as a result, our model is compatible with
these measurements, as illustrated in Fig. 9.
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Fig. 10 Largest allowed coupling g as a function of My from CMS
studies of pp — 11 p?‘i“ (dashed blue line) compared to ATLAS studies
of pp — tt (red dotted line) and to CMS studies of pp — Tt (solid
black line). The dashed horizontal line marks the perturbative unitarity
limit

42 K — vy

These rare modes can receive contributions from a non-
universal Z’ both tree and one-loop level as detailed in
[13,21]. The tree-level contributions depend on FCNC cou-
plings of the Z’ and are severely constrained by B mixing
measurements. The one-loop contributions include penguins
where the Z’ couples to the top-quark and the sterile neutrino
that are potentially large but quite model dependent. Their
overall strength is determined by the ratio

M 2
r§,=<gR Z) . (17)
gLMz

In order for these NP contributions to enhance the SM rates
by factors of two, it was found in [13] that rz needs to be
of order 1. From Fig. 6 we see that for values of gg near its
unitarity limit rz» < 0.24, about a factor of 4 smaller than
the previous bound from LEP. With this new limit, it is no
longer possible to have a large enhancement over the SM in
the rare modes K — mvv in this type of models.

5 Summary and discussion

The constraints that can be placed on W’ and Z’ masses at the
LHC by the different processes we considered in this paper
are summarised in Fig. 10.

The best constraint on the W’ arises from the CMS studies
of pp — 1 pr;‘iss and is shown as the dashed blue line in the
figure. Its coupling to third generation fermions is allowed
to be as large as its perturbative unitarity limit for almost all
values of My = 500 GeV. In contrast the Z’ is much more
constrained. The ATLAS studies of pp — tf are shown as
the red dotted line in the figure and overall they indicate
significant bounds on the strength of the coupling. The CMS

studies of pp — TTT~, produce a constraint shown as a
solid black line, and are even more restrictive, at least for
My < 2TeV.Combined, these two studies push potential Z’
bosons with couplings to third generation fermions stronger
than 5 times electroweak couplings beyond 2 TeV. In Fig. 10
we have illustrated how the PDF uncertainties shown in Fig. 2
propagate to the constraints on coupling constants.

The W’ is much less constrained than the Z’ because its
production requires at least one fermion from the first two
generations (in our model a charm quark). This also makes
the results dependent on right-handed quark mixing angles,
and suggests that future LHC studies on double resonance
production may be able to better constrain this type of W’.

Considered independently, the LHC constraints on the W’
still allow the light sterile neutrino explanation for R(D™),
whereas those on the Z’ rule out sizeable enhancements to
K — mvv rates in the same scenario.

Within specific models the W’ and Z’ masses are related,
but this relation depends on parameters of the scalar sector.
For the models described in [19] the large number of parame-
ters can be reduced for simplified cases as discussed in [20].
In that example, the vanishing of the gauge boson mixing
parameters &y and &z (at tree level) is accomplished with
conditions on the vevs, v = 0 and vy = vj cotfg. Fur-
thermore, the condition vg > vy 12 separates the scales of
symmetry breaking and makes the right handed gauge bosons
much heavier than the W and Z but still approximately degen-
erate in mass. To split the Wi and Z masses one needs to
introduce additional scalar representations such as triplets
[19]. In the gg > gy limit, a Ag(1, 1, 3)(2) scalar with a
vev will lead to M7 /My, = (vg + 4v} )/ (W + 203 ).
However it will also provide a Majorana mass to the neu-
trinos. As a result, a large split between the Wg and Zg
masses achieved with va, comparable to vg naturally leads
to a heavy sterile neutrino which is then incompatible with a
solution to R(D™). This combination of conditions makes
the light sterile neutrino explanation for R(D™) contrived
but not impossible within these models, as the scalar sector
can always be augmented. For example a ¢3,2(1, 1,3/2)(3)
scalar, with a non-zero vev v3,; results in M%R /M%VR =
(v%e +9v§/2)/(v%e + 3v§/2). If v35 is of the same order as vg,
Mz, can be much larger than Mw,. In conclusion, unless
one has a very detailed model in mind, the LHC constraints
on W’ and Z’ masses should be viewed as independent.
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