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Abstract. This is a summary of the activities of the Physics at the LHC working group in the
XIth Workshop on High Energy Physics Phenomenology (WHEPP-XI) held at the Physical Research
Laboratory, Ahmedabad, India in January 2010. We discuss the activities of each sub-working
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group on physics issues at colliders such as Tevatron and Large Hadron Collider (LHC). The main
issues discussed involve (1) results on W mass measurement and associated QCD uncertainties,
(2) an attempt to understand the asymmetry measured at Tevatron in the top quark production, and
(3) phenomenology of warped space dimension model.
Keywords. Large Hadron Collider; top quark; W -mass; QCD and EW radiative corrections; extra
dimensions.
PACS Nos 14.65.Ha; 14.70.Fm; 14.80.Rt; 11.10.Kk

1. Introduction
The main focus of these working group activities was to study some interesting and technically viable physics issues at two hadron colliders currently under operation, the pp̄ collider
at Tevatron (Fermilab) and pp Large Hadron Collider (LHC) at CERN.
The commencement of the LHC opens up a unique avenue to probe the particle physics
at the TeV scale at an unprecedented level.
In the Standard Model (SM), electroweak gauge bosons (W ± , Z ) and the top quark (t)
represent the most massive fundamental particles so far discovered. The understanding of
the electroweak symmetry breaking of the SM is highly correlated with the precise measurement of the properties of top quark and electroweak gauge bosons. Any significant
deviation in the properties of the top quark, W and Z from the SM predictions may lead
to a new physics scenario at the TeV scale which can be probed at both Tevatron and
LHC. In this direction, precise knowledge of higher-order corrections, specially the QCD
corrections to different SM processes are very important.
Several new physics models have been proposed to solve the gauge hierarchy problem of the SM which can be tested at the LHC. All these new models produce a
plethora of new particles which may lead to interesting collider signatures both at Tevatron
and LHC.
Keeping all these in mind and the available skills and interests of the members of this
working group, some problems were identified and discussed. In this short report, we
summarize such problems and the follow-up work.

2. W Boson mass working group report
N Agarwal, S Biswal, D K Ghosh, R Godbole, W B Kilgore, M C Kumar,
S Majhi, P Mathews, S Mitra, A Mukherjee, A Nyffeler, V Ravindran,
S Seth, P Sharma, A Shivaji, J P Singh and A Tripathi

2.1 Introduction
The W boson mass working group discussed the current status of the W boson mass measurement and the prospects for improving LEP and Tevatron measurements at the LHC. The
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W boson mass is a very important parameter in the Standard Model. In the absence of radiative corrections, it is related to the mass of the Z boson by the relative coupling strengths of
the SU (2) L and U (1)Y gauge interactions that mix under spontaneous symmetry breaking
to form the photon and the massive weak bosons,
MW
g
=
.
2
MZ
g + g 2

(1)

Of course, radiative corrections break this simple relation, but lead to a more complicated
relation involving the masses of the Standard Model particles as well as the masses of any
beyond-the-standard-model particles that carry electroweak charge. The most important
radiative corrections within the Standard Model involve the top quark, which are enhanced
because of its large mass splitting with the b quark.
The Higgs boson mass is the most important unknown parameter involved, although
the radiative corrections are only logarithmically dependent on its value. Nonetheless,
measurements of the masses of the top quark and W boson constrain the mass of a Standard
Model Higgs boson as shown in figure 1.
At hadron colliders, the W boson mass is determined by making precise measurements
of the observables of the leptonic (e or μ) decay modes, pT , pTν , m TW , the transverse
momentum of the charged lepton, the transverse momentum of the unobserved neutrino, and the transverse mass of the W boson respectively. The transverse momentum
of the charged lepton is measured through a combination of tracking and calorimetry,
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Figure 1. Mass constraint on a Standard Model Higgs boson from MW and Mt .
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the transverse momentum of the neutrino is inferred from the missing transverse momenW
tum
 needed to balance the event and the transverse mass is computed as MT =

2 pT pTν (1 − cos φν ).
The charged lepton spectrum is of course the best measured distribution, but it is subject
to significant radiative corrections. The transverse mass is theoretically more stable, but
relies upon the inferred values of pTν and φν . The standard technique for determining
the W boson mass at the Tevatron experiments is to measure the desired distributions for
the Z boson, fit these measurements to the best available theoretical calculation, and then
form templates at narrowly spaced mass intervals, of the expected shapes of the W boson
distributions. The best-fitting template determines the W boson mass [1,2].
The rates for W and Z production are known to next-to-next-to-leading order in
QCD [3,4], but the shapes of distributions are strongly affected by resummation effects.
The Tevatron experiments therefore use the resummed next-to-leading order QCD calculation RESBOS [5,6] to fit the Z boson distributions. In particular, they fit for
nonperturbative shape functions that parametrize the Z boson transverse momentum distribution and then use those same shape coefficients to predict the W boson transverse
momentum distribution and the resulting change in shape of the lepton distributions.
This procedure works quite well at the Tevatron and has led to the most precise measurements of the W boson mass, but is a procedure optimized for relatively low Z boson
statistics. Fitting for the nonperturbative parameters makes efficient use of the Z sample,
at the price of increasing the systematic uncertainty through the choice of more or less
arbitrary fitting parameters.
At the LHC, the Z boson production rate will be quite large and it should be possible to
leverage the high statistics measurement of the Z s to improve the W boson measurements.
One suggestion for doing this is to use the ‘ratio method’ [7]. The idea is to compute
the lepton distributions for W and Z bosons, appropriately scaled by the masses, and use
the ratio of the calculated distributions to scale the measured Z boson distributions into a
prediction of the W boson distributions


dσ W
d pT




=
predicted

dσ W/d pT
dσ Z/d pT


theory



dσ Z
d pT


.

(2)

measured

One of the advantages of this method is that one does not need resummed calculations
to form the ratios. This fact stems from the universality of the leading infrared structure
of gauge theories that allow one to even perform resummation. The general form of a
cross-section computed to nth order in perturbation theory is
n 2l−1
dσV(n)
dσ (0)   V l
= V
a α logm ( pT /μ) + Rn (αs ),
d pT
d pT l=1 m=0 l,m s

(3)

where σV(0) is the tree-level cross-section. As pT → 0, the logarithms become large and the
leading logarithmic terms dominate. These are precisely the terms that get resummed. The
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V
is the same for any vector
universality of the leading infrared structure means that al,2l−1
boson V , which in turn means that

lim

pT →0

dσW(n)/d pT
dσ Z(n)/d pT

=

dσW(0) /d pT
dσ Z(0) /d pT

.

(4)

Even as pT → 0 and resummation effects become most pronounced, the ratio method,
using unresummed calculations, becomes exact! This means that the ratio method can
take advantage of any fixed-order calculations, NLO QCD, NLO electroweak, etc., as they
become available.
The measurements at the Tevatron are already dominated by systematic uncertainties.
The prospects for improving the precision of the W mass measurement at the LHC will
depend upon reducing these systematic uncertainties [8,9]. To achieve a precision of
20 MeV or less, it will also be necessary to reduce the theoretical uncertainty of the analysis. Therefore, as the LHC begins operations, we feel that it is time to take a new look
at the ratio method and to study how the inclusion of increasingly precise calculations will
decrease the theoretical uncertainty in the determination of the W boson mass.
2.2 Questions
The questions that the working group hopes to address are:
• How well do we want to know the W boson mass? At what point does increased
precision cease to constrain new physics?
• What is the current theoretical uncertainty on the W boson mass, and how far can it be
reduced? Using the ratio method, what level of precision is obtained as one includes
increasingly precise theoretical input such as NLO QCD, NLO electroweak, NNLO
QCD, etc.?
Beyond the immediate scope of the W boson mass measurement, the ratio method
might prove useful for benchmarking expected signals for new physics. Therefore, we
also consider the question
• Can we extend the ratio method to normalize gluon-induced cross-sections such as
pp → tt¯ or pp → H from quark-gluon initiated processes like pp → Z +jet?
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3. New physics contributions to AtFB at Tevatron
S S Biswal, D Choudhury, M Dahiya, S Datta, R M Godbole, R Islam, M Kumar,
M C Kumar, S Majhi, H S Mani, P Mathews, S Mitra, K Rao, V Ravindran,
V Rawoot, S D Rindani, P Saha, R Santos, P Sharma, R K Singh and M Won
Abstract. We discuss the possible new physics approaches to explain the large AtFB observed at
Tevatron. The approaches and partial results are presented.

3.1 Introduction
The top quark is produced in pp̄ collisions at Tevatron via strong interactions mechanism.
For unpolarized beams of protons and anti-protons, the angular distribution of top-quark is
expected to be symmetric at the leading order owing to the parity and charge conjugation
invariance of QCD. However, at the higher order in the perturbation theory, one expects a
nonzero forward–backward asymmetry for top quark, AtFB = 0.05 ± 0.015 [1], originated
from the interference of C-even and C-odd amplitudes. On the other hand, the asymmetry
measured at Tevatron is found to be large, AtFB = 0.19±0.065 (stat)±0.024 (syst) [2] in the
laboratory frame with 3.2 fb−1 of data [2a]. The deviation from the SM prediction is about
2σ (∼ 1.5σ with new data) and there is some scope for explaining this via new physics. In
this note we sketch several ways to fill the gap between the experimental observation and
the theoretical prediction.
The idea is to find a new cause that leads to a sizable asymmetry AtFB without changing
tot
the total cross-section σt t¯ or differential cross-section dσt t¯/m t t¯ beyond the experimental
errors. Additionally, one can also look at the top polarization and polarization correlation
as an additional observable that may help us to distinguish between different new physics
possibilities.
3.2 New physics interactions at tree level
One way to fill the gap between the SM prediction and experimental values is by introducing new particles mediating the production process. For completeness, we consider scalar,
vector or tensor particles exchanged in s- or t-channel. The new particle should contribute
to u ū/d d̄ → t t¯ as these are the relevant channels at Tevatron. We note that any s-channel
exchange requires the couplings of the new particles to be chiral in order to create a treelevel AtFB . On the other hand, t-channel exchange does not require chiral couplings but
they are flavour changing (usually neutral) currents.
• For a new vector in s-channel, we require it to be a colour octet to interfere with the
SM amplitude and provide sizable asymmetry. This can be easily found in models
with warped extra dimensions and has been studied in ref. [4]. An axigluon (a new
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model) is also studied in ref. [5]. A vector in t-channel, on the other hand, can be either
colour singlet [6] or octet and can have either parity conserving or violating couplings
and still give a large asymmetry owing to the t-channel kinematics. A detailed study
of all these possibilities are under progress [7].
• We do not have any additional contribution to the asymmetry from a scalar in the schannel exchange, owing to the spherical distribution in scalar to fermion pair decay.
However, a flavour changing interaction in t/u-channel exchange can contribute to
the asymmetry. A t-channel exchange of colour triplet and sextet has been studied
in ref. [8] and a u-channel diquark exchange in ref. [9]. A generic colour singlet and
octet possibility is also under consideration [7].
• Another possibility is the parity violating or the flavour violating tensor particle
exchange in s-channel or t-channel, respectively. This possibility with different kinds
of couplings are under consideration [7].
In all the above cases we would like to study the correlation between the top polarization
and AtFB . This analysis was carried out in [10] and the results are summarized in §3.3.

3.3 Top polarization and forward–backward asymmetry in t t¯ production
The large forward–backward asymmetry ( AFB ) in t t¯ production reported at the Tevatron
continues to elicit much interest [4–6,8,9,11]. The latest experimental report [3] quotes
AFB ∼ 15% whereas within the SM one expects AFB ∼ 5% [1]. As discussed in §3.2, many
possible new physics (NP) scenarios have been offered as explanations for this observation.
Naively, a nonzero AFB seems to be an indication of some violation of a discrete symmetry and, indeed, most models that purport to explain this anomaly have invoked a
parity-violating interaction for the top quark. Even though this assumption certainly holds
true for any s-channel NP contribution to q q̄ → t t¯, clearly, it is not applicable when t- or
u-channel contributions are present as well. In other words, the measured AFB , in the presence of any NP interactions, may accrue from either explicit parity violation (dynamics) or
the effects of t-(u-) channel propagators (kinematics) or a combination of both.
Forward–backward asymmetry, at the Tevatron, is defined as
AFB =

σ (cos θt > 0) − σ (cos θt < 0)
,
σ (cos θt > 0) + σ (cos θt < 0)

(5)

where θt is the angle made by the top quark with the direction of the proton in the lab-frame.
Analogously, a single top polarization asymmetry (AP ) can be defined as
AP =

σ (+) − σ (−)
,
σ (+) + σ (−)

(6)

where + or − denotes the helicity of the top quark, and the helicities of t¯ are summed
over. The SM prediction for this arises due to electroweak effects and is expected to be
small.
This observable has the advantage of catching the essence of the parity violating effect
characteristic of the differently suggested new physics models and thus, it may be expected,
Pramana – J. Phys., Vol. 76, No. 5, May 2011
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would be able to distinguish between different competing NP scenarios. In addition, it
provides an advantage in terms of the statistics that may be obtained as it requires the
knowledge of the polarization of only the top. Other similar observables, such as spin
correlation coefficients etc., involve measurement of the polarization of the top as well as
the anti-top, and hence, are experimentally more challenging.
Of new physics models that have been studied in this context, we choose for comparison,
the triplet diquark model [8], the flavour violating Z  model [6] and the flavour nonuniversal
axigluon model [5]. A detailed discussion of these models and the emergence of AFB and
AP in them can be found in ref. [10].
We scan the parameter space for each of these models with the restriction that the
couplings be perturbative. Further, taking hints from various phenomenological and experimental studies [6,12,13], we adopt the mass limits M > 350 GeV, M Z  > 120 GeV and
M A < 1400 GeV.
The parameter spaces thus defined, the numerical calculation is done using a parton level
Monte Carlo routine. We use the CTEQ6L [14] parton distributions with the factorization
scale set to m t with the latter held to 172.5 GeV to be consistent with the value used in
measurements of cross-section [15] and AFB [3]. A K -factor [16] of 1.3 is used to estimate
the cross-section at NLO [16a].
For each parameter-space point we calculate the cross-section, AFB and AP , as defined
above. In figure 2, we show the correlation between AP and AFB for each of the three models along with the experimentally allowed 1 − σ band for AFB . One feature immediately
stands out. For the regions that are consistent with the measured AFB values, there is no
overlap between the three models.

0.3
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Z′
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AP
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Figure 2. Correlation between AP and AFB for different models. All the points shown
are consistent with the experimentally observed cross-section at the 1 − σ level and
with restrictions on Mboson as described in the text. The vertical solid (dotted) lines
correspond to the central value and 1 − σ bands of the new (old) CDF measurement of
AFB , namely 15.0% ± 5.5% (19.3% ± 6.9%). The ‘star’ corresponds to the SM value
at NLO.
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Figure 3. (a) R AP vs. AP ; (b) correlation between the ratio of AP in the forward and
backward hemispheres and total AP . All the points depicted are consistent with the
measurement of σ (t t¯) and AFB at the 1 − σ level.

While this picture looks promising, one can see that there still exist regions of parameter
space where both diquarks and Z  s produce similar values of AP (∼16–20%). With a view
to make a further distinction between the two models, we evaluate the ratios R AP and R AFB
where
RA =

A(| y| < 1)
A(| y| ≥ 1)

(7)

and y is the difference between the rapidities of the top and the anti-top. We find that,
the diquark and Z  models populate different regions in the R AP−AP and R AFB−AFB planes.
The separation is particularly distinct in the R AP−AP plane (figure 3a), where diquarks can
be seen to produce always a value of R AP greater than ∼ 0.33, while for Z  , R AP always is
less than this value.
R AP , however, is not the only direction-dependent asymmetry variable. Of the many
such possible variables, we consider only one, namely, AP as calculated separately for the
forward and backward hemispheres. In particular, we plot, in figure 3b, the ratio of AP in
the two hemispheres against the total AP . Again, one finds that the diquark and Z  models
give rise to markedly different correlations.
We conclude that, with experimental errors under control, a combination of observables
as described above, can be expected to distinguish between the ‘explanations’ for the AFB
‘anomaly’ quite successfully.
3.4 Effective operators approach
Instead of adding new particles to the Lagrangian, one can also add new operators with the
SM particles content that respect the SU (3)c × SU (2) L ×U (1)Y symmetry. In other words,
the new physics scale is high enough to be integrated out and it only appears through the
higher dimension operators. A complete set of such observables can be found in ref. [17].
We, however, restrict ourself only to those operators that can contribute to pp̄ → t t¯. These
operators can be divided into two categories:
Pramana – J. Phys., Vol. 76, No. 5, May 2011
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1. Four-fermion operators.
L64F =

gs2   AB
C1q (q̄ A γμ q A )(t¯B γ μ t B )
2
A,B
AB
+C8q
(q̄ A T a γμ q A )(t¯B T a γ μ t B )



,

(8)

where T a = λa /2, {A, B} = {L , R}, q = (u, d)T/(s, c)T and the suffix 1q(8q) denotes
colour singlet (octet) interaction. There are eight such operators for every quark flavour q.
Since we have dominant contribution to t t¯ production through u ū fusion, we restrict to
q = u, i.e. only eight operators.
2. Fermion–boson operators: L6 = 12 i Oi , where Oi s are
OuG = iα2 t¯λa γ μ γ R D ν uG aμν
OuG  = α4 q̄ t λa σ μν γ R u ϕ̃G aμν
Ou B = iα6 t¯γ μ γ R Dν u B μν
OuW = α8 q̄ t τ I σ μν γ R u ϕ̃W I,μν
Ou B  = α10 q̄ t σ μν γ R u ϕ̃ Bμν
O D̄u = α12 (D μ q̄ u )γ R t (Dμ ϕ̃)
Oϕu = iα14 ϕ † (Dμ ϕ)t¯γ μ γ R u
OuG = iα16 t¯λa γ μ γ R D ν cG aμν
OuG  = α18 q̄ t λa σ μν γ R cϕ̃G aμν

OuG = iα1 ūλa γ μ γ R D ν t G aμν
OuG  = α3 q̄ u λa σ μν γ R t ϕ̃G aμν
Ou B = iα5 ūγ μ γ R Dν t B μν
OuW = α7 q̄ u τ I σ μν γ R t ϕ̃W I,μν
Ou B  = α9 q̄ u σ μν γ R t ϕ̃ Bμν
O Du = α11 q̄ u γ R (D μ t)(Dμ ϕ̃)
Oϕu = iα13 ϕ † (Dμ ϕ)ūγ μ γ R t
OuG = iα15 c̄λa γ μ γ R D ν t G aμν
OuG  = α17 q̄ c λa σ μν γ R t ϕ̃G aμν

(9)

where τ I are the Pauli matrices (I = 1, 2, 3), γ R,L = (1 ± γ5 )/2 and αi are the coefficients
of the operators. The list above contains operators that are not constrained by the flavour
constraints.
The first kind of operator can be either flavour changing or flavour conserving depending
on the underlying physics that give rise to them. On the other hand, the second kind of
operators are flavour changing and unconstrained by the flavour physics. We study these
two sets of operators separately.
3.4.1 Four-fermion operators. In the analysis with four-fermion operators, we have a
total of eight different kinds of operators, four with t t¯ in colour octet state and the other four
in colour singlet state. We note that the colour singlet operators do not interfere with the
dominant SM diagrams u ū → g → t t¯, and hence can create the asymmetry only through
the modulus square terms and interference with γ /Z mediated diagrams. This usually gives
Table 1. The best fit value of the coefficients of the four-fermion operators. The m t t¯ distribution of this fit point is shown in figure 4. The
asymmetry for this best fit point is AtFB = 0.143.
LL
C8q

+0.97

716

RR
C8q

LR
C8q

RL
C8q

LL
C1q

RR
C1q

LR
C1q

RL
C1q

+0.48

−0.89

−0.97

+0.06

−0.07

−0.03

−0.01
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Figure 4. The differential cross-section for the SM and SM with four-fermion operators
for the best fit point (see table 1), which leads to AtFB = 0.143.

very small asymmetry. One needs to have large couplings for the electroweak operators to
get sizable asymmetry but that leads to a sizable contribution to both the cross-section
and the differential distribution. Colour octet operators, on the other hand, yield large
asymmetry for small enough changes in the cross-sections. Further, the contribution to
asymmetry and cross-sections are different for different operators and they can combine to
give a large asymmetry and small contribution to the cross-section. To this end, we perform
and dσt t¯/m t t¯ via Markov-Chain-Montea global fit of these eight operators to AtFB , σttot
t¯
Carlo (MCMC) method and found that only the colour octet operators are favoured with
O(1) coefficients while color singlet operators are disfavoured with O(10−2 ) coefficients
(see table 1). The m t t¯ distribution of this fit point is shown in figure 4. The details of this
study will be presented elsewhere [18].
3.4.2 Fermion–boson operators. The analysis with fermion–boson operators involves 18
operators listed in eq. (9). It is possible to have some more operators contributing to the
top pair production process, but those are constrained by flavour physics and hence simply
dropped from our analysis. The total cross-section and asymmetry have been calculated
for all these operators considered one at a time and the χ 2 of the fit has been studied.
It has been found that some of the operators lead to negative values of the asymmetries
for any couplings and large contributions to the cross-sections, when considered one at a
time. However, it is not clear a priori if the interference of these operators with others
will be useful or not. Thus, a complete analysis with selected set of useful operators and
all three observables using the MCMC method is performed using AtFB , σttot
t¯ and dσt t¯/m t t¯
as observables. We found the asymmetry to be AtFB = 0.107 for the best fit point with
2
= 6. The detailed analysis of these findings will be presented elsewhere [18].
χmin
3.5 Loops in extra-dim models
We know that the leading order contribution to AtFB in the SM comes from the box diagram,
i.e. O(αs3 ) terms in the cross-section. Thus, the obvious extension of the ‘tree level new
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physics’ approach is to stick to some model, say extra-dimension model, which has KK gluon and perform a full one-loop calculation of the asymmetry in this chosen model. This
model, in general, can lead to a tree-level contribution to the asymmetry and also at one
loop via the box diagrams. We note that chiral coupling of new particles is not required to
generate additional contributions to the asymmetry at loop level. If the KK -gluon has chiral
couplings to the fermions, as in Randall–Sundrum model, then more diagrams, like vertex
correction etc., can also add to (or subtract from) the asymmetry. Some partial, but dominant, contributions have recently been calculated in ref. [19]. The complete calculations in
this direction are under progress [20].
3.6 Summary
In this report, we have summarized some of the possible approaches to incorporate new
physics contribution to the forward–backward asymmetry (or the charge asymmetry) of the
top quark observed at Tevatron. Some of the approaches have been pursued since their
proposal in WHEPP and a glimpse of some results are shown.
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4. Phenomenology of warped-space custodian b
S Gopalakrishna, T Mandal, S Mitra and R Tibrewala
Abstract. Warped-space models with custodial protection of the T -parameter and the Z bb̄ coupling
have extra fermions, the custodians, which can be significantly lighter than the other Kaluza–Klein
excitations. We discuss the phenomenology of a custodian b and compute its decay width and
branching ratio into t W , bZ and Z h decay channels.

4.1 Theoretical framework
A warped-space extra dimension has been proposed [1] as a solution to the gauge hierarchy problem of the Standard Model (SM). By letting SM fields propagate in the bulk, the
fermion mass hierarchy of the SM can also be addressed without badly violating FCNC
constraints. Furthermore, due to the AdS/CFT duality conjecture [2], these constructions
may be dual to close-to-conformal four-dimensional strongly coupled theories.
Precision electroweak constraints place strong bounds on such constructions. Gauging
SU (2) R in the bulk offers a custodial symmetry that protects [3] the T -parameter. We
therefore take the gauge group to be SU (2) L × SU (2) R ×U (1) X under which the thirdgeneration quarks transform as
Q L ≡ (2, 1)1/6 = (t L , b L ),

Q b R ≡ (1, 2)1/6 = (t R , b R ),

Q t R ≡ (1, 2)1/6 = (t R , bR ) .
The extra fields t R and bR (the ‘custodians’) are ensured to be without zero modes by
applying Dirichlet–Neumann (−, +) boundary conditions (BC) on the extra-dimensional
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interval [0, πR], whereas the SM particles are the zero modes of fields with Neumann–
Neumann (+, +) BC. The (−, +) fields are most likely the lowest mass KK excitation [3,
4], and among them the bR couplings to SM states are bigger owing to a larger mixing with
SM states, since the mixing is proportional to the larger top Yukawa coupling. Therefore,
the bR promises to have the best observability and we shall focus on its phenomenology
[4a]. So far the L , R denoted the gauge group, but from here on, for notational ease, we
shall denote bR simply as b , and by bL ,R we shall mean the two Lorentz chiralities of the
vector-like b .
The theory has been analysed in greater detail in ref. [7]. The dominant mass mixing
terms as given there are
L ⊃ − b L b L

√
√  

bR
λ Q L b R v/ 2 λ Q L bR v/ 2
+ h.c.,
bR
0
Mb 

(10)

where the effective 4D Yukawa couplings are given by
λQ L bR =

λ̃b
f Q (πR) f b R (πR),
2kπ R L

(11)

which is the b-quark Yukawa coupling, and
λQ L tR =

λ̃t
f Q (πR) f t R (πR)
2kπR L

(12)

is the top-quark Yukawa coupling, where λ̃b,t are the (dimensionless) 5D Yukawa couplings and f ψ are the fermion wave functions
√ which depend on the√fermion bulk mass
parameters cψ [8]. We have m b ≈ λ Q L b R v/ 2 and m t ≈ λ Q L t R v/ 2 to leading order
ignoring the mixing√to the heavier fermion KK modes, and we define the off-diagonal
mass m̃ ≡ λ Q L bR v/ 2 for notational ease. A representative choice that is phenomenologically acceptable is: c Q L = −0.5; c Q t R = −0.5; c Q b R = 0.56, for which we have
λ Q L b R = 0.025, λ Q L t R = 1 and λ Q L bR = 1.
The above mass matrix is diagonalized by biorthogonal rotations, and we denote the sine
(cosine) of the mixing angles by sθL ,R (cθL ,R ). We denote the corresponding mass eigenstates
as (b1 b2 ). The mixing angles are
tan(2θ L ) = −

2x̃
;
(1 − x̃ 2 − xb2 )

tan (2θ R ) = −

2xb x̃
,
(1 + x̃ 2 − xb2 )

(13)

where xb ≡ m b /Mb and x̃ ≡ m̃/Mb . The mass eigenvalues to leading order in xb are:

√
m b / 1 + x̃ 2 and Mb (1 + x̃ 2 )(1 + xb2 x̃ 2 /(1 + x̃ 2 )2 ).
We ignore t ↔ t  mixing as the off-diagonal mixing term in this case is proportional to
λ Q L b R , which is small. For simplicity we also ignore the mixing in the gauge boson sector i.e., Vμ(0) ↔ Vμ(1) where Vμ = {Wμ , Z μ }, since this mixing is of order (v/M K K )2 ,
and the gauge boson KK mass is constrained to be 2 TeV by precision electroweak
constraints [8a].
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By going from the (b, bR ) basis to the mass basis (b1 , b2 ), the following interaction terms
of b2 were found:
 L

e
gs
b̄2 γ μ b2 Aμ + gs b̄2 γ μ T α b2 gμα − √θ t¯1L γ μ b2 L Wμ+ + h.c.
3
2


1 2 1 2
b̄2L γ μ b2L Z μ
+ g Z − sθL + sW
2
3
 
1
L L
+ g Z cθ sθ
b̄1L γ μ b2L Z μ + h.c.
2


1 2
sW b̄2R γ μ b2R Z μ ,
(14)
+ gZ
3

L4D ⊃ −

where g Z ≡
given by



g 2 + g 2 , Aμ is the photon and gμ the gluon. The Higgs interactions are

h
L4D ⊃ − √
2

b̄1L b1R cθL cθR λ Q L b R + cθL sθR λ Q L bR + b̄2L b2R sθL sθR λ Q L b R
− sθL cθR λ Q L bR + b̄1L b2 R − cθL sθR λ Q L b R + cθL cθR λ Q L bR
+ b̄2L b1 R − sθL cθR λ Q L b R − sθL sθR λ Q L bR

+ h.c.

(15)

The model we are considering here has no custodial protection for the Z bb coupling and
therefore shifts. If we take this model the way it is, requiring that this shift be less than
about 1% roughly implies that sθL < 0.1 is required, i.e. Mb  10 m̃ is required. But as
we have mentioned, since we have in mind application to the model in ref. [5] where this
coupling is protected by the custodial symmetry, we shall consider quite light Mb when we
discuss the phenomenology.

4.2 Phenomenology
The heavy mass eigenstate b2 , once produced, decays via the off-diagonal interaction terms
in eqs (14) and (15). The main decay modes are b2 → t W, b1 Z , b1 h. The decay widths
are given by
(b2 → q Vμ ) =

κb22 t V
32π


Mb2

1
+ 1 − 2xt2V + xt2 − 2x V2 + xt2V xt2
x V2

×(1 + x V4 + xb4 − 2x V2 − 2xb2 − 2x V2 xb2 )1/2 ,
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Figure 5. Total width (a) and BR (b) of b2 versus Mb2 . In figure 5b, the bZ and bh
decay channel curves are almost on top of each other.




1
xb
(b2 → b1 h) =
Mb2 κba22bh 1 − x h2 +
+ xb2
16π
2

b2
2
2
+ κb2 bh (1 − x h − 2xb + xb )
×(1 + x h4 + xb4 − 2x h2 − 2xb2 − 2x h2 xb2 )1/2 ,

(17)

√
L
where Vμ = {Wμ , Z μ }, q = {t, b}, xi = m i /Mb2 , xi j = m i /m j , κb2 t W = gs
/
2,
θ
 √
 L R
a
L L
L R
L R
L R

κb2 bZ = gz sθ cθ /2, κb2 bh = (cθ sθ + sθ cθ )λ Q L b R + (sθ sθ − cθ cθ )λ Q L b R /2 2 and
 √

κbb2 bh = (cθL sθR − sθL cθR )λ Q L b R − (sθL sθR + cθL cθR )λ Q L bR /2 2.
Although the b2 bh coupling is large (given by λ Q L bR = 1), the q V dependence on 1/x V2
enhances this partial width for large Mb2 , making it comparable to bh . This term is due
to the contribution of the longitudinal polarization of Vμ . Figure 5a shows the total decay
width and figure 5b shows the branching ratios (BR) as a function of Mb2 . The total width
is about 2% of the mass in the entire range. Its roughly linear dependence on Mb2 can be
understood by noting that (in the large Mb2 limit) sθL ∝ 1/Mb2 , cθL ≈ 1, leaving a i ∼ Mb2
behaviour for all the partial widths. All three modes have comparable branching ratios. For
the t W channel, for Mb2 not too much bigger than m t , the phase space suppression due
to the large top mass is significant, but is overcome for large Mb2 . Curiously, the bZ and
bh BR curves lie on top of each other. This can be understood as follows: neglecting
the (small) xb , the b2 b1 Z and b2 b1 h couplings are proportional to g Z cθL sθL and cθL λ Q L bR
respectively. Since sθL ∝ λ Q L bR and in the bZ partial width the factor of g 2Z cancels against
the 1/m 2Z , the two BRs end up being equal as can be shown using eqs (16) and (17).

4.3 LHC signatures
For reasons already mentioned, b2 can be significantly lighter than all the other K K particles, making its observability at the LHC promising. Pair production via q q̄/gg → b2 b¯2
can lead to a sizeable cross-section [7]. Each b2 decays as above and can lead to promising
discovery channels. Single production of b2 is also possible [7] via the off-diagonal couplings in eqs (14) and (15), which can be important for large Mb2 . These are the subject of
our ongoing investigations.
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