
Ugly face of B->K  *



(’)

Global fits

*

Currently only real parts of Wilson 
coefficients constrained by b->s   
& b->sl+l- data. Weak sensitivity to 
Im(ΔC7 ) from SK



Economic new-physics 
explanations (by Quim or David)

ΔC7 ~ 0
ΔC9 ~ -1.5   or   ΔC9 ~ -1, ΔC9 ~ 1
ΔC10 ~ 0

’



Since C9 ~ 4.1 need new flavour 
dynamics that induces large, 
(destructive) effect proportional to 
VtsVtb in vector operator(s), but is 
otherwise SM-like  

*



This rules out: 

MSSM, composite models, 
warped extra dimensions &    
other usual suspects 



Modified Z sector 

Δgv ~ 1 - 4 sW ~ 0.08l 2
~ ΔgA ~ -1 l

gives wrong pattern ΔC9  << ΔC10 

Why?



More generically

If only SU(2) invariant operators are 
around, get 
ΔC9  << ΔC10 ΔC9  = +ΔC10 -or

Seen pattern requires cancellations



LH & RH currents in Bs mixing

ΔM12 ~ CLL + CRR + 9.7 CLR
s

Mixing constraints on models with 
both LH & RH couplings more severe



RH currents & MFV

Generating a Large effect ΔC9 requires 
new flavour dynamics beyond MFV 
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Flavour alignment for LH currents

Couple 3rd family different (g1 = g3) 



Flavour alignment for LH currents

Unitary rotations used to go to mass 
basis have to give CKM matrix 



Up alignment

up couplings flavour diagonal



Down misalignment

no effect in bL->dLZ’ & sL->dLZ’



Whether effects in b->s, b->d &   
s->d observables are correlated   
is determined by structure of new  
flavour spurions (Uu, Ud  etc.) & 
thus very much model dependent    



Z’ models of type 3-3-1

For suitable Q normalisation get: 

pattern ΔC9  >> ΔC10 reproduced



Z’ models of type 3-3-1

“Landau pole” at 4 TeV of minimal model 
can be lifted by adding fermionic SU(3)L 
octets. This also allows to generate small 
neutrino masses via inverse see-saw 



Z’ models of type 3-3-1



Z’ models of type 3-3-1



Z’ models of type 3-3-1

*
*
*
*



No Z’ coupling to electrons

Muon & tau number is anomaly free. 
Gauging leads to:

Z’ from L  - L   (by Wolfgang)



Z’ couplings to quarks 
generated by mixing with 
heavy vector-like fermions. 
Couplings treated as free 
parameters

A Simple Model Based on Gauged Lµ − Lτ
muon number - tau number

is anomaly free
gauging it leads to the wanted
vector couplings with muons

L ⊃ g′(µ̄γµµ− τ̄ γµτ)Z ′
µ

couple the Z ′ to quarks only
indirectly, by mixing with
heavy vector-like fermions
charged under U(1)′

e.g. Fox, Liu, Tucker-Smith, Weiner 1104.4127
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Bounds from Neutral Meson Mixing

the Z ′ also leads to
tree level contribution to Bs mixing
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Z’ from L  - L   (by Wolfgang)



Constraints on leptonic couplings

Z’ with vector coupling to muon reduces 
g-2 tension, but Z’ has to be light with 
mass between 10 GeV & 300 GeV

Probing the Z ′

anomalous magnetic moment
of the muon

µ

µ

γ

µZ ′

∆aµ !
1

12π2
m2

µ

〈φ〉2

the (g − 2)µ anomaly:

∆aµ = (2.9± 0.9)× 10−9

preferred value for the U(1)′ breaking vev

〈φ〉 ! 180GeV
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Light & not too weakly coupled Z’ is 
also subject to strong constraints from 
electroweak precision observables

Probing the Z ′

Z couplings to leptons

loops involving the Z ′

lead to corrections of the
couplings of the SM Z to
muons, taus and neutrinos

Z Z ′

µ−

µ+

→ strong constraints
from LEP measurements
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Constraints on leptonic couplings



If Z’ has both vector & axial couplings, 
P violation experiments give bounds. E.g. 
for 3-3-1 Z’ one has MZ’ > 1.5 TeV

Constraints on leptonic couplings



CKM unitarity, muon & tau decays lead 
to constraints. Depending on couplings 
mass scales up to O(3 TeV) are probed 

Constraints on leptonic couplings



Probing the Z ′

neutrino trident production
νµ νµ

µ−

µ+

Z ′

γ

N
N

σ

σSM
!

1 +
(

1 + 4s2W + 2v2/〈φ〉2
)2

1 +
(

1 + 4s2W
)2

measurements at CHARM II, CCFR, NuTeV

σ/σSM = 0.83± 0.18

→ lower bound on the U(1)′ breaking vev

〈φ〉 ! 750GeV
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Constraints on leptonic couplings

Neutrino trident production turns out to 
be severe constraint for light           Z’. 
For heavier Z’  less effective 

!"#$%&'()*+,#-%#.&/01,#
+2*20/-23#45#6)7)*+#8)-9#
92/:5#:2$-%0;()12#<206)%*,=#
>%&'()*+,#-02/-23#/,#<022#
'/0/62-20,

A Simple Model Based on Gauged Lµ − Lτ
muon number - tau number

is anomaly free
gauging it leads to the wanted
vector couplings with muons

L ⊃ g′(µ̄γµµ− τ̄ γµτ)Z ′
µ

couple the Z ′ to quarks only
indirectly, by mixing with
heavy vector-like fermions
charged under U(1)′

e.g. Fox, Liu, Tucker-Smith, Weiner 1104.4127

bla

bL

sL

Q
Z ′

〈φ〉

〈φ〉

g′YQbY ∗
Qs〈φ〉

2

2m2
Q

Wolfgang Altmannshofer (PI) New Physics in B → K∗
µ
+
µ
− ? March 16, 2014 13 / 16

Bounds from Neutral Meson Mixing

the Z ′ also leads to
tree level contribution to Bs mixing
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Direct constraints
Z �

Z µ

µ
µ

µ

q

q

Z �
e, q

e, q

Depending on whether Z’ boson couples 
to electrons & quarks or not can study 
direct DY production or Z -> 4l



Direct constraints: 3-3-1 Z’
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Figure 3. Upper limits as a function of Z �-boson mass on the production ratio R of cross section
times branching fraction into muon pairs. The green and yellow band corresponds to the 68% and
95% CLs for the expected limits obtained in [50]. The prediction in our 3-3-1 model is indicated
by the dotted red line.

Since the SU(2)L relation (GdL)11 = (GuL)11 is broken by small mixing angles only, our
expression for ∆CKM agrees with the result presented recently in [10]. Inserting the cou-
plings (3.2) into the above formula gives

∆CKM � −0.16
M2

W

M2
Z�

ln

�
M2

W

M2
Z�

�
. (9.8)

Employing the experimental bound |∆CKM| < 1� [47] it then follows that

MZ� > 2.7TeV , (9.9)

at 90% CL. Notice that while the individual constraints from (9.2), (9.5) and (9.7) can be
evaded by suitable choices of the lepton and quark couplings, dodging all bounds at once is
not possible. This shows the complementarity of present and upcoming ∆QCs,p,e

W and ∆CKM

precision measurements (see Section 11) in extracting information on Z �-boson models.
We add finally that the presence of a new neutral gauge boson with close to vector-like

couplings to muons leads to a positive shift in the muon anomalous magnetic moment (see
e.g. [48]). In the 3-3-1 scenario with β = −

√
3, one finds ∆aµ � 2.7 · 10−9 (0.2TeV/MZ�)2.

Clearly, for MZ� values in the TeV range no improvement of the infamous tension between
the experimental result and the SM prediction for aµ can be achieved.

10 Direct searches

In order to determine the best direct search strategy for a Z � boson, one has to consider
the partial Z �-boson decay widths. From (3.2) we find that the ratio of charged leptonic to
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Figure 4. Expected event yield in the invariant mass distribution of muon pairs from DY pro-

duction at the LHC with
√
s = 14TeV, assuming 0.3 ab

−1
and 3 ab

−1
of integrated luminosity.

The SM expectation and deviations arising from the specific 3-3-1 model are plotted for varying

Z �
-boson mass MZ� as indicated in the legend. See text for further explanations.

hadronic decays is given in the considered 3-3-1 model by

Γ(Z � → �+�−)

Γ(Z � → hadrons)
� 0.52 , (10.1)

which is a factor of around 3 larger than what would be obtained if the Z �
boson would cou-

ple with universal strength to all fermion chiralities. This implies that the most promising

channel for an LHC discovery is provided by Drell-Yan (DY) Z �
-boson production followed

by same-flavour di-lepton decays. Given the significantly larger QCD backgrounds, searches

for di-jet resonances and the measurements of the di-jet angular distributions have less po-

tential and thus will not be examined in what follows.

The latest resonance searches in the di-lepton invariant mass spectrum by ATLAS [49]

and CMS [50] both include approximately 20 fb−1
of

√
s = 8TeV data. As illustrated in

Figure 3, the most recent CMS search in the di-muon channel allows to derive a 95% CL

bound of

MZ� > 3.9TeV . (10.2)

In order to derive this number we have implemented the 3-3-1 model into MadGraph5 [51]

using CTEQ6l1 parton distribution functions [52] for the event generation while imposing

the relevant CMS cuts. We then extrapolated the expected CMS limit on R = σ(pp →
Z � + X → µ+µ− + X)/σ(pp → Z + X → µ+µ− + X) linearly beyond 3.5TeV to set the

bound. Slightly weaker exclusions are obtained from the di-electron channel of CMS as well

as the ATLAS searches.
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Figure 5. Predictions for the e+e− → µ+µ− cross section σ and the forward-backward asymme-
try AFB in the SM (blue) and assuming a Z � boson of mass 7TeV (green) and 9TeV (red). The
light (dark) coloured regions represent 68% (95%) CL contours.

The above limit makes clear that direct Z �-boson searches can at present not probe the
mass range of O(7TeV) favoured by the B → K∗µ+µ− anomaly. To estimate the future
LHC prospects we study the expected kinematic and statistical reach in pp → Z � → µ+µ−

at
√
s = 14TeV, assuming integrated luminosities of 0.3 ab−1 and 3 ab−1. The muons

are required to be within |η| < 2.1 and that at least one of the muons has pT > 45GeV.
Our results are shown in Figure 4. The dotted red line corresponds to the expected event
yield at 0.3 ab−1 for a Z �-boson with mass of 5TeV, while the blue hatched band indicates
the prediction for MZ� = 7TeV, including statistical errors, assuming the same amount
of integrated luminosity. We see that a Z � boson of 5TeV should be clearly visible with
0.3 ab−1 of

√
s = 14TeV data. However, in the case of MZ� = 7TeV, we expect only a

small excess of events in the tail beyond m(µ+µ−) > 3TeV where the statistics are low.
To conclusively probe Z �-boson masses up to 7TeV in the considered 3-3-1 model the full
HL-LHC data set of 3 ab−1 will be necessary – illustrated by the green hatched band in the
plot. Of course, our results should be taken with a grain of salt, since our calculations are
simple minded as they are performed at the leading order and do not include the effects of
parton showering and hadronisation nor detector response. Yet, we are optimistic that in
the 3-3-1 model with β = −

√
3, a discovery of a Z �-boson with mass of O(7 TeV), though

challenging, should be ultimately possible at the HL-LHC.
Since a Z � boson interferes with the photon and the Z boson, its couplings to fermions

can also be probed at a high-luminosity e+e− collider. Below we study the mass reach
in our 3-3-1 scenario of an ILC with

√
s = 500GeV CM energy and beam polarisations

(Pe+ , Pe−) = (0.3, 0.8). For simplicity we consider only the di-muon final state, which we
simulate using MadGraph5. Following [53] only muons with a polar angle θ ∈ [10◦, 170◦] are
accepted, and we assume a total beam polarisation uncertainty of 0.25% and an intrinsic
error of 0.20% (0.06%) associated to the measurement of symmetric (asymmetric) leptonic
observables. Our results are displayed in Figure 5. We see that in the presence of a Z � boson
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FIG. 3. Constraints on the model parameter space from the
different leptonic processes discussed in Section IV. The re-
gion in white is the allowed region. The anomaly in B →
K∗µ+µ− can be accommodated everywhere to the left of the
bottom-right triangle, see Eq. (21). Note that the constraint
from the neutrino trident production of muon pairs (red re-
gion) completely excludes the region favored by (g−2)µ. The
dotted lines in the allowed region denote (5−10)% NP effects
in Bs mixing.

τ

µ

Z � W

τ

νµ

ντ

µ

FIG. 4. Example one-loop box diagram that gives a correction
to the τ → µντ ν̄µ decay. In total there are four box diagrams
with the Z� connected to the lepton legs.

to be vΦ � 180 GeV. The corresponding 1σ range is

shown in Fig. 3 as the blue diagonal band. Alternatively,

this measurement sets a ∼ 5σ lower bound on the VEV

of vΦ � 110 GeV such that ∆aµ � 7.4 × 10−9 (see the

diagonal gray region in Fig. 3).

• τ decays. The Z � also leads to corrections to tau

decay processes. In particular, one-loop box diagrams,

such as the one shown in Fig. 4, give the leading mod-

ifications to the τ → µντ ν̄µ rate, while the τ → eντ ν̄e

decay remains SM-like to an excellent approximation.

Contributions to τ → eντ ν̄e (and τ → µντ ν̄µ) from ver-

tex corrections are suppressed by a factor m2
τ/m

2
Z� due

to SU(2)L invariance and can be safely neglected in the

regions of parameter space we are interested in. Tiny

additional corrections can arise in the presence of kinetic

Z−Z � mixing. Evaluating the box diagrams, we find the

following correction

BR(τ → µντ ν̄µ)

BR(τ → µντ ν̄µ)SM
� 1 +∆ , (27)

where,

∆ =
3(g�)2

4π2

log(m2
W /m2

Z�)

1−m2
Z�/m2

W

. (28)

Importantly, the sign of the correction ∆ is determined

by the relative sign of the Z � couplings to taus and muons.

The gauged Lµ−Lτ unambiguously leads to an enhance-

ment of the τ → µντ ν̄µ branching ratio. Interestingly,

measurements point towards a small positive contribu-

tion to the muonic branching ratio of the tau as we now

discuss.

The PDG value for the branching ratio of τ → µντ ν̄µ
reads [34]

BR(τ → µντ ν̄µ)exp = (17.41± 0.04)% . (29)

This should be compared to the SM prediction [35]

BR(τ → µντ ν̄µ)SM = ττ (5.956± 0.002)× 10
11/s .(30)

The dominant uncertainty on the SM prediction for the

branching ratio comes from ττ , the lifetime of the tau.

Combining a very recent result on the tau lifetime from

Belle [36] with previous measurements at LEP [37–40]

and CLEO [41], results in ττ = (290.29± 0.53)× 10−15s.
Using this value in the SM prediction for BR(τ →
µντ ν̄µ), we find that the experimental value in Eq. (29) is

more than 2σ above the SM prediction. Translated into

the variable ∆, we obtain

∆ = (7.0± 3.0)× 10
−3 . (31)

In Fig. 3, the region of parameter space favored by the τ
decay to muons is shown as a green band.

• Z coupling to leptons. Loops involving the Z � also
affect the couplings of the SM Z vector-boson to muons,

taus and neutrinos. The corresponding branching ratios

have been measured very accurately at LEP and SLC

facilities. The corrections to the vector and axial-vector

couplings of the Z to leptons are given by

gV e

gSMV e

=
gAe

gSMAe

= 1 , (32a)

gV µ

gSMV µ

=
gAµ

gSMAµ

=

����1 +
(g�)2

(4π)2
KF (mZ�)

���� , (32b)

gV τ

gSMV τ

=
gAτ

gSMAτ

=

����1 +
(g�)2

(4π)2
KF (mZ�)

���� , (32c)

Z’ from L  - L  : Summary



How to avoid Bs mixing constraint?

In case of lepto-quarks (LQs) ΔF=1 
transitions appear at tree level while 
ΔF=2 processes loop suppressed 
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But need both a scalar & vector LQ, 
that are degenerate in mass & have 
CKM-aligned couplings to get pattern of 
anomaly. This all seems pretty ad hoc 

How to avoid Bs mixing constraint?


