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Exploring the pattern of Lepton Flavour Universality viola-
tion at hadron colliders
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Abstract. We discuss the B anomalies in scenario with warped extra dimen-
sions characterized by additional neutral heavy bosons. Depending on the cou-
pling of the fermions (leptons in particular) different scenarios for the expla-
nation of the anomalies can be obtained. We focus on a specific case which
involves contributions due to both the electron and the muon leading to a four
dimensional fits in the space of Wilson coefficients. With this as a motivation,
in a generic Z’ we develop correlations with direct search experiments, wherein
the pattern of the Wilson coefficients can be uniquely extracted at the LHC.

1 Introduction

Flavour observables offer a strong probe towards the indirect detection for NP effects with
flavour structures different from that of the SM. The recent measurements of the semi-leptonic
decay of the B mesons in the b — sll sector has generated a lot of interest. The observed
anomalies were quoted through the measurement of the following hadronicall clean ratio [1]

B(BY - Ktutu)
B(B* - K*e*e™) lp=1-6 Gev
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The SM expectation for the ratio is R}iM = 1.003 [2] indicating a a ~ 2.6 o deviation as a
possible evidence of lepton flavour non-universality. Another measurement through the ratio
R(K*) exhibited a pattern similar to R(K) as

B(BO — K*O,u+/.1_)

Ree =
K B(BY — K*Vete™)
= 0.660%) s10(stat) £ 0.024(syst), low ¢* 2)
= 0.685%) a(stat)  0.047(syst), mid ¢* 3)

For this, the low ¢ corresponds to 0.045 < ¢*> < 1.1 GeV? while mid ¢> corresponds to
1.1 <4*> <6.0 GeV>. The corresponding SM values for the ¢° bins are: Rf({” ~ 0.93 for
low ¢* while Rf({” = 1 elsewhere. This translates into a 2.40" and ~ 2.5 o deviation for the
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low ¢ and for medium ¢ bins respectively. These deviations are typically parametrized by
additional contributions to the Wilson coefficients C; of the following effective operators: [3]:

GFO,’
Lo Ci0; 4
\/§7r ZI: )

where C; = C;M + CNP.
Oy = (Gry'br)lyul) Oy = (5rY"br)(Iyul)
O = Guy'br)lyy’)  Ow = Gry"br)(Ty,y’l) Q)

Here Cfv P determines the NP contributions to the Wilson coefficients and / denotes a lepton.
In this talk we will consider a scenario where NP effects exits in both the muon and the
electron sector due to the exchange of the neutral heavy boson. These exotic states can arise
to gauge extensions of the SM. However, we consider these fields arising as Kaluza-Klein
(KK) excitations of extra-dimensional models. In particular we consider a model with a
single warped extra-dimension with the following line element: [5]:
ds® = e_ZA(-”)anx”de — dy? (6)

where A(y) = klyl|, k ~ AZ—,’;’ and 0 < y < 7R. The coordinates y = 0, 7R correspond to the
location of the (UV, IR) brane respectively. The minimal model, with brane localized fields
and SM gauge symmetry is severely constrainted by EWPT. A generalization of this setup
with bulk fields and a gauged custodial symmetry [6] was then proposed which not only
relaxed the bounds from large contributions to the T parameter but embedding the fermions
in non singlet representations of the gauge group served to evade constraints from Z — ff.
As mentioned earlier, the presence of bulk fields leads to KK excitations in the effective low
energy theory. Along with the KK excitations of the SM W, Z, the model is also characterized
by additional ‘custodial’ heavy gauge bosons thereby leading to a distinct phenomenology,
in the flavour sector in particular. A detailed analysis of different flavour transitions in this
setup was considered in [7-10]. We explore the parameter space admitted by the current
anomalies [11]. We demonstrate fits with the following two scenarios which are characterized
by different extent of contributions to the Wilson coeflicients of the electron and the muon.
We then setup a high pr collider probe for any generic Z’ scenario wherein it is possible to
extract the pattern of the Wilson coefficients.

The note is organized as follows: In Section 2 we compute the fits for the anomalies in
b — sll processes for the two different scenarios. In Section 3 we develop a strategy to extract
the Wilson coefficients at collider and we finally conclude.

2 b —sll processes: B anomalies

In bulk custodial models in RS , neutral currents at tree level receive contribution to the four
fermions operators due to the exchange of X € Zsy; 7 7, . The expression for the coupling
of the SM fermions to these NP states can be written as:

Lyp € X, [@2 Gy "br) + Xk br) + i (e (X" — oy X0y* ) ] (7)

1 1
where O/V‘ AX) = a0 - gives the coupling in the zero mode fermions to the gauge
bosons in the mass basis of the former. The Wilson co-efficients for each gauge field X can
then be written as:
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Figure 1. Scenario A: Plot show the correlation in the Cy and C,, parameter plane for both the electron
and the muon. The bottom row gives the range of ¢, if —1.4 < C%) < —0.7. We use Mgx = 3 TeV

The primed operators vanish due the presence of an accidental U(3) in the coupling of the
down quark singlets to the gauge KK states. Assuming the the up-sector quark to be in the
mass-diagonal basis, down quark rotation matrices are simply Dy ~ Vcgy. We now discuss
the following two scenarios:

1) Scenario A: In this scenario the lepton singlets have relatively larger coupling to the
NP than the doublets. The doublets have universal bulk wave function with ¢ > 0.5. The
scanning range for the doublets and the muon singlets is chosen to be 0.45 < ¢ < 0.55.
Thus even though this scenario can admit a relatively larger coupling of muon singlets to NP
than the corresponding doublets, the other possibility still exists. The ranges chosen for ¢
parameter scan is: cg, € [0.4,0.5], ¢,, = ¢, € [0.45,0.55] and ¢,, € [0.45,0.55]. The scan
in this scenario has a couple of unique features: The AC’; - AC’fO plot in Fig. 1 has a feature
where AC’{O may vanish while the contribution to ACS is considerable. This is an artifact of
the similar scanning range for the lepton doublets and the muon singlets. This corresponds
to the explicit case where a’L(X) = aﬁe(X). Corresponding to this, we discuss two minor
possibilities:

a) AC’I‘0 vanishes and the contributions to ACg |, are very small, thereby reducing the analysis
to a one-dimensional fit with contributions mainly from AC’; . The best fit for this case is
AC‘Q‘ = —1.5 with a 20 region [-2.9, —1.73] [4, 17]. From the bottom plot of Fig.1, we find
that we can obtain a fit only in the 30 region where the electron contribution is negligible.
b) The tight condition 1— D scenario can be further relaxed, once the electrons also contribute
considerably. This opens up the possibility of a four dimensional fit in the plane of Wilson
coefficients and the results for this case are shown in Fig.1. Lower row of Fig. 1 gives the
different correlations: C‘; - C§ (top) and C’I‘0 — C{, (bottom). The 2-o~ regions for a 4D fit to
the data is [12]

S < Clo Clo
o] € [-0.33,0.06]; oon €[-2.23,0.74]; oo € [-0.29,0.14]; il € [-2.60, 0.60].
9 9 10 10
C))
With a four dimensional fit, it is relatively easier to find solutions which satisfy the above
regions.

The non-negligible values of the AC¢ is due to left doublets having ¢ ~ 0.5 thereby
resulting in a mildly larger coupling to the NP states than would be expected of states having
¢ > 0.55. For these choices of ¢ parameters corresponding to the values in Fig.1, fitting
the muon mass requires choosing the O(1) Yukawa ~ 0.03. Though slightly fine tuned
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Figure 2. Scenario B: Left plot gives the distribution for ACy and AC1y. The corresponding ¢ parameters
ranges are given in the right plot.

with regards to the fit to the muon mass, this scenario is more favorable with regards to an
anarchic neutrino mixing matrix but also in suppressing FCNC in the lepton sector through
the implementation of SD MFV.

2) Scenario B: The non-universality in this case exists in the coupling of the lepton dou-
blets to NP . Further, we assume that the T doublets to be relatively closer to the IR brane than
the u doublets (c;, < ¢y, ). All the lepton singlets and the electron doublet satisfy ¢ > 0.55.
This results in ACg |, much smaller than ACSJ o» With its magnitude being at most ~ 0.2. For
most of the region, it effectively reduces this to a 2-D fit where the value of Cg | is an order
of magnitude less,

Top plot of Fig.2 gives the correlation in the AC‘; -AC’IIO plane which correspond to points
which satisfy 0.36 < IACSJOI < 0.87. The correlation also shows that there exists solutions
for which AC’Q‘ = —AC’I‘O reducing it to a 1-D fit as discussed in [16, 17]. The two relevant
parameters for the fits to the B-anomalies in this case are ¢y, — ¢, and the correlation is
shown in the bottom plot of Fig. 2.

3 Correlating the pattern of solutions to high p; searches at
colliders

In the previous section we demonstrated two different scenarios in the same model which
can explain the B anomalies. Scenario A in particular included contributions due to both the
electron and the muon. They were associated with braod spread in the ranges for the Wilson
coefficients. We now develop a correlation wherein the pattern involving electrons and/or
muons can be probed at high energy p-p collisions. To begin with, we consider the following
neutral current Lagrangian:

Aos _ _ _
Lo = #(mb) [1e@r"e) + Ay ) + AEr' D) + .. (10)

Given the Lagrangian in Eq. 9, the Wilson-coefficients for the R(K*) anomalies are identified
as:

ce = \2r /lbsxl;/ “ \2r /lhx/lx ¢ \/Eﬂ' /lbs/léw " \/En /lbs/lﬁv
o GF(Z 1‘42 9 GFO’ ]W2 10~ GFCY 1\42 10 GF(I [\42

(1D
where 1V = L8 and A%V = L% are the vector and axial vector coupling respectively of the
leptons to Z’. L(R) is the coupling strength of doublets (singlets) to Z’. In the first instance,
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Figure 3. Mass reconstruction for the electron (left) and muon (right) for M7 = 3 TeV

we assume L = R, implying the axial-vector couplings of the leptons to Z’ vanish. In this
9

case the ratio of Cy for muons and electrons is simply —%
cancels out.

In a direct production of Z’ in pp collisions decaying into electrons and muons. The ratio
of number di-muons to di-electrons at luminosity £ is simply given as:

_Tr e N, (12)
oz Le.  Ne

In the event, the acceptance efficiency of the electrons and the muons are similar, then the
ratio in Eq. 11 would exactly mirror the ratio of the Wilson coefficients. However, as shown
in Table. 1, electrons and muons are characterized by different acceptance efficiencies. In
evaluating the numbers in Table 1, the first row gives the number of events with atleast a
single leptons and bottom row computes the number of leptons over a given threshold.

o= -7 where the quark dependence

€, €
Simple Isolation(> 1 leptons) | 59.33 | 39.79
Mass cuts (> 1000GeV) 58.79 | 39.61

Table 1. Comparison of acceptance efficiencies for electrons and muons for my = 3000 GeV

Note that the methodology of counting the number of di-leptons over a given threshold
is rather unconventional. Traditional methods involve counting events in a given bin around
a possible resonant mass. The electron and the muon are characterized by different recon-
struction efficiencies. The latter is associated with the large smearing of the four moments
especially at high pr while the electrons have a sharp reconstruction independent of the mass
of the resonance. This is illustrated in Fig. 3. Correspondingly Fig. 4 gives the correspond-
ing sensitivity for two different mass bins around the pole mass: Mz + 200 GeV (left) and
My + 500 GeV (right). Note that the efficiency changes depending on the choice of bin due
to different reconstruction efficiencies. As a result in order to overcome the difference in
the reconstruction efficiency, we propose to simply count the di-lepton events over a given
threshold.

Further to ensure best implementation of the ration in Eq. 11 at colliders, we must ensure
it is due to difference in couplings of the Z’ to the leptons and not due to different acceptance
efficiency. Increasing the acceptance of the electrons can be achieved using the electron jet
techniques and using the following substructure variables to identify the electron [22]:

A) Hadronic energy fraction: As electron deposit their energy in the E — cal, the correspond-
ing jets are associated with very small H —cal component of the energy. This helps in limiting
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Figure 4. The plot gives the comparison of corresponding sensitivity as a function of o at £;,, = 3000
fb~! for two different bin choices: The left column corresonds to a choice My + 200 GeV and the
right column corresponds to Mz + 500 GeV. Note that for all cases we assume B.R(Z' — uu) = 4

B.R(Z' — ee)
mz (GeV) € €. (Electron jets) | € (tau jets)
2000 71.45 64.75 31.25
2500 66.35 63.06 37.28
3000 58.79 60.37 40.88
3500 51.68 59.50 43.98

Table 2. Comparison of efficiencies of electron jets and muons for different m; masses. A selectrion
criteria of the m,,, or m;,;, (> 1000) GeV is imposed. For the electron jets the QCD fake rate is < 1 in
3 x 10° events. For 7 jets the QCD fake rate is 0.2%

QCD to a great extent and B) Tracks: We demand that the leading jet is associated with ex-
actly one track, while the subleading jet may have O or 1 track. The latter condition facilitates
in accepting events which would otherwise have been rejected by the standard electron iden-
tification criteria.

Table 2 gives a comparison of the muon and "electron’ efficiencies using electron jets. We
find that the acceptance efficiencies are within 5 — 10% of each other. Thus any discrepancy
in the observation of the ratio can be attributed to the difference in the couplings of the NP
to electrons and muons. The third column of Table 2 gives the acceptance efficiency for tau
jets. This technique can be used to extract information on Cg, though with a lesser accuracy
than the leptons and have implications for processes like B — K*11

4 Conclusions

We discussed a warped framework to explain the observations of lepton flavour universality
violation in the semileptonic decay of B mesons. One particular solution led to a case where
both electron and muon contribute. This provided a motivation to extract the nature of Wilson
coefficients at collider by probing the resonant decay of Z’ into leptons. We propose a strategy
to ensure that any observed deviations in the N,. /N, is primarily due to differential coupling
of NP to leptons.
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