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A flavor protection for warped Higgsless models
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We examine various possibilities for realistic 5D Higgsless models on a Randall-Sundrum (RS)
background, and construct a full quark sector featuring next-to-minimal flavor violation (with an exact
bulk SU(2) protecting the first two generations) which satisfies electroweak and flavor constraints. The
“new custodially protected representation’ is used for the third generation to protect the light quarks from
flavor violations induced due to the heavy top. A combination of flavor symmetries, and an ‘“RS-GIM™
mechanism for the right-handed quarks suppresses flavor-changing neutral currents below experimental
bounds, assuming Cabibbo-Kobayashi-Maskawa—type mixing on the UV brane. In addition to the usual
Higgsless RS signals, this model predicts an exotic charge-5/3 quark with mass of about 0.5 TeV which
should show up at the LHC very quickly, as well as nonzero flavor-changing neutral currents which could
be detected in the next generation of flavor experiments. In the course of our analysis, we also find
quantitative estimates for the errors of the fermion zero-mode approximation, which are significant for

Higgsless-type models.
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L. INTRODUCTION

One of the most important unresolved questions in
particle physics is how exactly the electroweak symmetry
is broken. The standard model Higgs mechanism provides
ample motivation to come up with alternatives. An inter-
esting new possibility is provided by Higgsless models [1-
5] with a warped extra dimension [6]. A Higgs field local-
ized on the IR brane of a Randall-Sundrum (RS) back-
ground is decoupled by taking its vacuum expectation
value (VEV) to be very large, while the masses of the W
and Z bosons remain finite and are set by the size of the
extra dimension. Unitarity of the gauge boson scattering
amplitudes can then be ensured via heavy Kaluza-Klein
(KK) gauge boson exchange. Such models would solve the
little hierarchy problem of Randall-Sundrum setups and
have very distinctive phenomenological consequences.
However, it is not clear whether these Higgsless RS models
can be made completely viable: a large correction to the S
parameter makes it difficult to match electroweak precision
data, the cutoff scale has to be adequately raised to ensure
unitarization happens at weak coupling, and generically
flavor-changing neutral currents (FCNC’s) are not ade-
quately suppressed. Many of these initial difficulties have
been at least partially addressed. One can tune the effective
S parameter away by making the fermion left-handed
fermion wave functions close to flat [7], and choosing the
right fermion representations can prevent the large top
mass from introducing coupling deviations in the Zbb
vertex [8,9]. The cutoff scale can also be raised by low-
ering the curvature of the extra dimension [7]. However,
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once the fermion wave functions are required to be close to
flat, the traditional anarchic RS approach to flavor [10-14]
(where fermion wave function overlaps generate fermion
mass hierarchies and also give a protection called RS-GIM
against FCNC’s [12]) can no longer be applied. A possible
resolution to this problem is to introduce a genuine five-
dimensional GIM mechanism, which uses bulk symmetries
to suppress flavor violation [15]. The trick is to impose
global flavor symmetries on the bulk, with a large subgroup
left unbroken on the IR brane and flavor mixing forbidden
anywhere except the UV brane. One can then construct a
model where tree-level FCNC’s are genuinely vanishing,
with the downside that we are no longer trying to explain
the quark mass and mixing hierarchies, merely accommo-
dating them.

The aim of this paper is to examine the flavor bounds
(similar to [16,17]) on Higgsless models and to present a
viable flavor construction for these theories (see [18,19] for
other examples in an RS context). We have to circumvent
the problems usually associated with Higgsless models by
ensuring that

(i) all FCNCs are sufficiently suppressed,

(i1) all tree-level electroweak precision constraints are

satisfied,

(iii) the cutoff scale is sufficiently high.

We show that the simplest versions of such a model
cannot be realistic: imposing an exact GIM mechanism
for all three generations either drives up the cutoff scale or
prevents the S parameter from being cancelled. Instead, the
realistic flavor model we propose will have next-to mini-
mal flavor violation (NMFV) [15], featuring a custodially
protected quark representation for the third generation and
an exact GIM mechanism implemented for the first two
generations only. This choice of representations allows us
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to isolate the lighter quarks from the dangerous top mass
and prevent a large S parameter without having to increase
the bulk coupling and decrease the cutoff scale. Flavor-
changing neutral currents are controlled by two main
mechanisms:

(1) The surviving flavor symmetry between the first two
generations forces all the mixing to go through the
third generation (hence NMFV), which is vital to
reduce D and K mixing.

(2) Kinetic mixing terms on the UV confine the right-
handed fermions to the UV brane and reduce bulk
contributions to the couplings, which are the source
of off-diagonal neutral couplings. This results in an
RS-GIM-like flavor suppression mechanism for the
right-handed fermions.

We also have some freedom to distribute the required
charged-current mixing amongst the up and down sectors,
which reduces neutral-current mixing in each sector. All of
this is necessary to sufficiently suppress flavor violation.
We find that experimental FCNC bounds systematically
constrain the down-sector mixing angles, forcing them to
lie within a volume of angle space that is enclosed by a
well-defined surface. Assuming the UV kinetic mixing
terms obey a Cabibbo-type mixing hierarchy, this volume
occupies ~0(5%) of available angle space.

This paper is structured as follows: in Sec. II we review
the 5D GIM mechanism and introduce the quark represen-
tations we will be using. In Sec. III we outline our NMFV
quark model and show compliance with electroweak pre-
cision data (EWPD). We also examine in detail the errors
introduced by the zero-mode approximation, and find that
one can have zero S parameter without flatness, provided
there is a lot of KK mixing on the IR brane. The flavor
suppression mechanisms of the NMFV model are derived
in Sec. IV and demonstrated with the gluon KK contribu-
tion to FCNC’s in Sec. V. Numerical results for the mixing
constraints are presented in Sec. VI, and we conclude with
Sec. VIL

II. SETUP

After briefly reviewing the gauge sector, we will discuss
the full 5D GIM mechanism [15] and how one could apply
it to various simple quark models. This will motivate the
construction of our next-to-minimal flavor violation model
in Sec. III.

A. Gauge sector

We work on an AdSs background and parametrize our
space-time using conformal coordinates

R

2
ds®> = (—) (dx,dx,n"" — dz?), 2.1)

<

where the UV and IR branes sit at z = R, R’, respectively.
Our gauge sector takes the standard RS form [20] with
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(H) — o0 on the IR brane, as outlined in [21]. This means
we have an SU(3). X SU(2);, X SUQR)g X U(1)y gauge
group [20] in the bulk (where X = B — L), which is broken
by boundary conditions to SU(3). X SU(2); X U(1)y on
the UV brane and SU(3). X SUQ2)p X U(1)x on the IR
brane. The custodial SU(2); symmetry protects the
My, /M, ratio from deviations at tree level, and the gauge
boson mass is given by the size of the extra dimension. For
future convenience, let us define

L = logR’'/R. (2.2)
Then to leading order in L,
, 1
My, = oL (2.3)

On a technical note, we include all brane-localized
gauge kinetic terms (BKTs) that are allowed by symme-
tries, and include their corrections due to 1-loop running
effects on their respective branes [22]. This means that the
effective SU(2); BKT on the UV brane can be negative at
the weak scale. We will also localize some fermions on the
UV brane, making the effective U(1)y BKT always posi-
tive (but the effect is very small). Unless otherwise men-
tioned, we set all effective BKTs to zero at the weak scale
except for U(1)y, for which we set the bare term to zero.
We also set the effective SU(3) BKTs to zero, but note that
they could be made negative at the weak scale.

In addition to the BKTs, the free input parameters in the
gauge sector are R and the ratio gsg/gs,. The standard
model (SM) W, Z masses then determine R’ and gsx/gs;
while agy and «a; at the weak scale set the overall size of
the 5D couplings. All of our gauge bosons are canonically
normalized, with all electroweak coupling corrections (in-
cluding S and T parameters) pushed into interaction terms.

Our theory is valid up to a momentum cutoff, which in
AdSs space is given conservatively by

167% R
Acumff ~ gig ﬁ,

(2.4)

where gs is the largest five-dimensional coupling. If we
take g5s; = gsg, then to leading order in L the 4D coupling
g can be expressed as g? = g2/RL [21], which together
with Eq. (2.3) gives

Acutoff gz \/Z \/Z (25)
If we had a physical Higgs on the IR brane we could freely
choose our KK scale and make the cutoff large, but in the
Higgsless model we must choose a low curvature to uni-
tarize WW scattering before the theory becomes strongly
coupled. We set R™! = 10% GeV which gives L = 13 and
Acuore ~ 8 TeV. We also choose gs; = gsg, since gauge
matching would decrease the cutoff if we made the cou-
plings different. The Z’ mass is therefore fixed and of order
~700 GeV.
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B. The fermion sector

Our notation for a 5D Dirac fermion will be

v=(7)

b
where y and ¢ are both left-handed (LH) 2-component
Weyl spinors, and hence ¢ is a right-handed (RH) 2-
component spinor. We write the boundary conditions for
each Dirac spinor as (*, =) at z = (R, R'), where + means

¢y = 0 and — means y = 0. The normalized left-handed
zero-mode profile is given by

2@ =R 2(2) (%) ro,

where f(C) = "%
R

is the RS flavor function. The right-handed profile f(z) is
defined identically, with ¢ — —c.

(2.6)

(2.7)

1. 5D GIM mechanism

For three generations of a given quark representation we
can impose global flavor symmetries that prevent FCNCs
at tree level while generating all the required masses and
mixings [12]. In broad strokes, those symmetries must
satisfy the following criteria:

(1) We need to have enough freedom to generate six
different 4D quark masses and reproduce the
Cabibbo-Kobayashi-Maskawa (CKM)  mixing
matrix.

(2) To ensure that flavor-violating operators are sup-
pressed by the high scale 1/R, we only allow flavor
mixing on the UV brane, via right-handed kinetic
terms for the up and down sector independently.
Left-handed mixing is assumed to be forbidden by
flavor symmetry, since otherwise the right- and left-
handed kinetic terms cannot be diagonalized simul-
taneously and there would be FCNC:s.

(3) If we switch off the charged-current interactions we
should be able to use the symmetries of the bulk and
IR brane to diagonalize the UV mixing matrices.
This makes the neutral currents diagonal in the 4D
mass basis and forbids tree-level FCNCs.

We will now see how this mechanism can be applied to
various simple quark models.

2. The left-right symmetric representation

The simplest potentially realistic quark representation is
the left-right symmetric representation, which has been
adopted in [2,7,21]:

0.=(4) ~Ce  0e=(4) =20

(2.8)
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We impose the boundary conditions (+, +) on u; and
(=, —) on uyg to obtain left-handed and right-handed zero
modes (similarly for d). On the IR brane, both Q; and Qp
are SU(2)p doublets, so we can write a Dirac mass mixing
term [23] to lift the zero modes,

R\4 -
SIR = fd5x<z> 5(Z - R/)MDR/QLQR + H.c. (29)

On the UV brane, the Qp doublet breaks up into two
SU(2); singlets, allowing us to assign brane-localized
kinetic terms to up and dy separately and supply the proper
mass splitting.

If we want to implement the full 5D GIM mechanism
using this representation, we populate the bulk with three
copies of Q;, O and impose flavor symmetries Gy =
SU3)g, X SU(3)y, and Gg = SU(3)p. This makes the
bulk masses cg,, c¢p, and the IR Dirac mass M flavor
blind. On the UV brane we allow only kinetic mixing of the
Qr fields, which take the form

f d5x<§)45(z — R)p*at D, KPP (2.10)
for both up and dy, where K,, K; are two independent
Hermitian matrices and «, 8 are flavor indices. To forbid
left-handed mixing, we impose the flavor symmetry
GUV = SU(S)QL X U(l)uR X U(l)dR'

If we switch off the charged-current interactions, the u, d
symmetries become independent and G — SU(3), X
SU(3),, similarly in the bulk. These symmetries are broken
on the UV brane, but we can use them to diagonalize the
K,, K, mixing matrices and end up with Gyy D U(1)3 X
U(1)3, which prevents tree-level FCNCs. Another way to
see this is as follows: since all other mass and kinetic terms
in the action are flavor singlets, we can go to the 4D mass
basis by rotating the fermions in flavor space and diago-
nalizing K, ;. This pushes all the physical mixing into the
charged-current couplings, giving us exactly the standard
model CKM structure.

The main problem with this model is the top quark. To
make it heavy, we must localize it close to the IR brane and
make Mp large. The flavor symmetry then forces all the
quarks to be close to the IR, generating a large negative S
parameter. The large flavor-blind M, has two additional
dangerous effects: First, the L — R mixing causes left-
handed quarks to live partially in the R representation
(and vice versa), which induces even more coupling cor-
rections since it has the wrong quantum numbers. Second,
the KK mixing causes the light quarks to live partially in
KK modes, resulting in dangerously high couplings to
gauge KK modes.

One could try to address these problems by increasing
the SU(2)p IR kinetic term, which corresponds to adding a
positive bare S parameter on the IR brane, but this is not
viable. The matching of gauge couplings would force the
coupling in the bulk to increase, lowering our cutoff to
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~O(1 TeV) and making the theory nonperturbative before
the unitarization mechanism of Higgsless RS models kicks
in. We clearly need some way to protect the other quarks
from deviations due to the heavy top mass.

3. The custodially protected representation

Focusing on the third generation only for a moment, the
problem with the left-right symmetric representation is that
the effects of the top mass are felt by the left-handed
bottom (we can localize the right-handed bottom on the
UV brane). Agashe et al. [8] realized that deviations to
those couplings could be avoided if

(1) the 7 is not in the same representation as any field

which can mix with b, so that the top can have a
separate IR Dirac mass that is not communicated to
the bottom, and

(i1) the representations that house the left-handed b are

symmetric under SU(2); < SU(2); interchange.
This ensures that the L and R couplings are the
same, meaning the b; couples to a linear combina-
tion of gauge bosons which is flat near the IR brane.
Its couplings are therefore protected from deviations
due to the SU(2); X SU(2)x — SU(2), breaking.

In the notation of [9], the simplest representation which
(almost) satisfies these requirements is:

_ (XL 1 _
q’L - ( TL bL ) (2: 2)2/3)
2.11)

Xr
Vi = (TR> ~(1,3)y3, tg ~ (1, 1)53.
bg

For the ¢, b quarks we impose the same boundary condi-
tions as for the quarks in the left-right symmetric repre-
sentation, while we make the exotic 7, X quarks (with
electric charge 2/3 and 5/3, respectively) heavy by impos-
ing mixed boundary conditions (—, +) for X;, T; and
(+, —) for Xg, Tk.

On the IR brane, the W; bidoublet breaks down into an
SU(2)p triplet and a singlet, which can mix with W, and

Ig.
X, X,
‘I’tLriplet =|7T, |= 7%(& +T,) |,
by by (2.12)
; - 1
W =1, = E(ZL —Tp).

Hence the allowed Dirac mass term on the IR brane is
5 R\* N D/ 7 triplet
SIR = jd x(—) 5(2 —R )R [M:;\I’R\I,L
Z
+ MW" + Hee], (2.13)

so we can make M; large to get a heavy top without
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influencing any field with the quantum numbers of the
bottom. Also note that the custodial protection granted
by this representation is not complete: KK mixing via the
M5 mass term causes the left-handed b to live partially in
bg, which is not part of a L «< R symmetric representa-
tion." This turns out to be a good thing, since the fully
protected coupling is a few percent too large in Higgsless
models (just the effect of the S parameter). We can reduce
it by localizing the by closer to the UV brane, which
increases M5 (for a given 4D bottom mass) and hence
increases KK mixing. This in turn decreases the coupling,
since it makes the LH bottom sensitive to the gauge boson
profiles near the IR brane.

The unique features of this representation allow us to
implement the full 5D GIM mechanism in a rather different
fashion from the previous case. To protect the up and
charm quarks from the heavy top, we make M, different
for each quark generation and forbid all up-sector flavor
mixing, including on the UV brane. The down-sector sym-
metries, on the other hand, are chosen very similarly to the
left-right symmetric representation: M3 is flavor blind and
large enough to generate the bottom mass, and a kinetic
mixing matrix K; on the UV brane generates quark mixing
in the down sector (and hence all the physical quark mix-
ing). This amounts to imposing the flavor symmetry
Gbulk = SU(?’)‘PL X SU(3)q/R X SU(?’)uR’ which gets bro-
ken down to Gr = SU(3)yipiers X U(1)ginglers N the IR
brane, and Gyy = SU(3)y, X U(1)4, X SU(3),, on the
UV brane (we also set all brane kinetic terms for X, T
fields to zero). FCNCs are prevented in the exact same
fashion as for the left-right symmetric model, except we
now only have to diagonalize the down sector.

Nevertheless, a Higgsless quark model using only the
custodially protected representation is not viable. W must
be close to the UV to match 8didi tO the SM. This fixes cg4,

while leaving the W; bulk mass ¢; unconstrained due to
custodial protection. The problem is a tension between the
LH up-type couplings and the RH bottom coupling. g Zuiu

can only be matched if ¥; — UV, since it is not protected
and suffers large corrections near the IR brane. gz, , has
the opposite requirement. If M5 is the minimal value to
give my, by lives entirely in the bulk. It must therefore be
close to the UV brane to make it insensitive to the broken
symmetry on the IR brane, which is not a problem.
However, if b; C ¥, — UV, then M; must be very large
to generate m,;, which increases KK mixing and makes
8zb,», Sensitive to the IR brane again, reducing the cou-
pling below SM. So while matching the LH up-type cou-
plings to the SM requires ¥; — UV, the RH bottom
coupling requires W; — IR. It is not possible to match
both simultaneously. One might try to increase M5 and
confine the RH bottom to the UV brane, allowing ¥, to be

'To make it L < R symmetric we would have to extend W to
a(l,3)e(31).
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closer to the UV, but this also increases T mixing with the
up-type quarks, which forces W; even closer to the UV to
get a match. One cannot achieve overlap.

So while this model can protect the left-handed bottom
couplings, the SD GIM mechanism forces all the up-type
quarks to behave like the troublesome top, and their cou-
plings cannot be matched to the SM simultaneously with
the RH bottom.

III. THE NMFV QUARK MODEL

The complete SD GIM mechanism is too restrictive for
Higgsless RS model building. We have to give up some
flavor protection in exchange for agreement with electro-
weak precision data, while ensuring that FCNCs are still
under control. This motivates us to combine both repre-
sentations in a single quark model with next-to-minimal
flavor violation, harnessing their complementing strengths
while keeping as much flavor symmetry as possible.

A. Setup

Two copies of Q;, O with bulk masses cg, , ¢p, make
up the first two generations, while the third generation is
contained in the custodially protected W, Wy, 1z with bulk
masses ¢y, Cp,, C;,. This protects the other quarks from the
influence of the heavy top while enabling us to match all
fermion couplings to experimental data. (Note that the top
couplings are poorly constrained.) The forms of the re-
spective IR Dirac mass terms are given in Egs. (2.9) and
(2.13). We impose the flavor symmetry Gy =

J

4D mass terms ¥, ;M 4 X .-

RH kinetic mixing terms ¢, ;o*(1 + fu,dKu,dfu,d)a,LJ/u,d = 1,[/u,d0'“f<u,d8#:,_bu,d,

(n)

coupling terms like )'(u(}/’“ZEf)gZuLuL Xuw

where (n) is a gauge boson KK index, f, , is a diagonal
matrix of the right-handed fermion wave functions eval-
uated at z = R, and K, ; is the UV brane kinetic mixing
matrix.

To go to 4D mass basis, we must first diagonalize and
canonically normalize the kinetic mixing term by rotating
the RH spinors with a Hermitian matrix H. Once the
kinetic terms are flavor singlets we can diagonalize the
mass matrices with the usual biunitary transformation. We
will always distinguish quantities in the physical basis with

|

mmess =yt HiM, U,

mass —

gLu - UzugLu ULw

mass —

8Ld UzdngULd,

mass — 77T
8Wurd, = Uru8wu,a, ULa>

PHYSICAL REVIEW D 80, 015027 (2009)

SU(2)g, X SU(2)g, in the bulk, which is broken down to
Gir = SU(2)p on the IR brane. This means that the first
two generations have the same IR Dirac mass M, and bulk
masses. The third generation has the IR Dirac masses M3
for the SU(2), triplet (which includes the bottom) and M,
for the singlet (which supplies mass to the top). To provide
flavor mixing and differentiate the quark masses of the first
two generations, we must introduce general Hermitian 3 X
3 kinetic mixing matrices K, and K, as in Eq. (2.10).
Therefore, the flavor symmetry on the UV brane is Gyy =
SU(3)p, X U(1),, X U(1),, (where the third Q; is con-
tained in ;).

We can see immediately that there will be FCNCs in this
model. The flavor symmetry is explicitly broken by choos-
ing a different quark representation for the third genera-
tion. If we switch off the charged currents, we only have
SU(2) symmetries available, which are not enough to
diagonalize the kinetic mixing matrices on the UV brane.
However, as we will see, this partial symmetry is enough to
force all mixing to go “‘through the third generation’ and
suppress 12-mixings.

B. Going to 4D mass basis

We can solve the bulk equations with the appropriate
BC’s to compute the entire KK tower of fermion wave
functions. After integrating out the 5th dimension, we end
up with a 4D action containing the following terms (using
matrix notation in flavor/KK space):

(3.1)

I
a “‘mass” superscript from quantities in the original flavor

basis without superscript. The quark spinors in the mass
basis are related to the flavor basis in the following way:

mass mass

Xu = ULuXu ’ Xd = ULqu ’
$u=HUg b g = HaUrgh*

Applying this transformation to the mass terms, the left/
right-handed neutral couplings (denoted generically by
g1/gr), and the left/right-handed W couplings, we get

(3.2)

MG* = UIEdH:gMdULd»

mass —

S8Ry UIEMHIgRuHu URu’

(3.3)

mass —

8Rd U;gdH:gngHdURd,

mass

EWugpdy — UJ];MHt]:gWuRdRHdURd-
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There is a very useful relation which we will need later. We
Simply write out |Mmass|2 — Mmass‘rMmass — MmasstassT
(since M™** is diagonal). Keeping in mind that the H
matrices are Hermitian and H2 = «~!, we find

|Mmes|2 = gt (M k' MU, = UL HIM MYH, U,
|Mmas)2 = gt (MY k' M)U, = UL HIM M H Uy,
(3.4)

The exotic X-quark with charge 5/3 is an interesting
experimental signature of our model. Its mass is roughly
half a TeV and it couples to the top via charged-current
interactions (in the flavor basis) with coupling strength
comparable to but generically less than g/+/2. The cou-
pling in the mass basis is

mass j— mass i
8wx,u, — 8wx,u, UrLw 8Wxpuy — 8WxXpuguURu-

Detection could be possible at the LHC with less than
100 pb~! of integrated luminosity [24].

C. Satisfying electroweak precision data and CDF
bounds

It is not hard to see why this model can satisfy electro-
weak precision constraints. The heavy top mass does not
influence the other quarks, and the correct bottom cou-
plings can be achieved by moving ¥; D ¢, b;, and fg
close to the IR brane, while the ¥, D by, is close to the UV
[9]. The top couplings will deviate from the SM value, but

J
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this is acceptable since it is poorly constrained experimen-
tally. The first- and second-generation couplings can be
made to agree with the SM by adjusting ¢y , cg, ~ 0.5,
and we have enough freedom to choose IR Dirac masses
and UV Kkinetic terms to generate all the different quark
masses and mixings. It is worth noting that the Q; » bulk
masses can take on a range of values, due to the effect of
KK mixing which we will discuss in Sec. III E. We explic-
itly demonstrated EWPD compliance using two different
numerical calculations. In the first, we assumed that there
is no flavor mixing and absorbed the diagonal boundary
terms into BC’s. In the second there was flavor mixing, and
we followed the procedure of Sec. IIIB: using the zero-
mode approximation in which the boundary terms act as
mixing terms between zero modes and KK modes.

One of the canonical signatures of Higgsless models are
light gauge KK modes with a mass of = 700 GeV. This is
low enough to warrant closer inspection of current CDF
bounds [25-27] to make sure our model is not already
excluded. The CDF searches for heavy gauge bosons focus
on resonant pair production processes of the form (light
quark pair) — (heavy gauge boson) — (some fermion pair,
e.g. ee, th). Assuming that the coupling to the heavy gauge
boson is the same as to the SM counterpart for both the
initial and final fermion states, the CDF bounds are myy,
myz = 800 GeV. However, those bounds must be adjusted
for our model since the coupling of gauge KK modes is
very suppressed for the first two quark generations, and
somewhat enhanced for the third generation.

quark generation approx. coupling as a multiple of SM
!

1, 2(LH)
1, 2(RH)
3

Since the light left-handed quarks are not UV-localized,
their couplings depend sensitively on the bulk masses and
can be very small. Leptons in our model would have
similar couplings to the light quarks. It is clear that the
coupling suppression increases the myy, mz bounds from
leptonic and tb-channel searches way beyond our KK scale
of 700 GeV. Because of low t7-detection efficiencies, the 17
channel also does not supply a meaningful m, bound [26].

Only the constraints on mg from [27] require closer
inspection. Their analysis assumed vectorlike couplings to
G’ which were parametrized as gjigni quarks = Ag&s and
8op = Ap&s- The bounds on mg depend on A = A, Ay
and the width I' of G'. If we assume that we can use those
bounds for our chiral couplings by simply averaging and
setting A, = %(/\qL + A,,) = 0.25—0.5, we can extract
an approximate bound of I'/m¢ = 0.2 on the width of
our KK-gluon if its mass is = 700 GeV. We have not
calculated the width of the G’ since it depends on several

<1/5

W el

1/100 <1/4 (3.6)
1/5 1/100 1/4
2-4 1 2

f

parameters that are not completely fixed in our model, but
I'/me ~ 0.2 is not an atypical value for RS KK-gluons,
see for example [28]. Furthermore, we can also decrease A
by another factor of ~4 by taking into account 1-loop RGE
corrections to the SU(3),. UV brane kinetic term, as out-
lined in Sec. I A. This alleviates any concern that our
model might be excluded by CDF bounds. However, the
relatively light G’ should certainly be detected at the LHC.

D. Counting physical parameters and the meaning
of large UV Kkinetic terms

Each N X N Hermitian UV kinetic mixing matrix K,
K, is defined by N? parameters, N(N + 1) real elements,
and N(N — 1) complex phases. For N = 3, this gives a
total of 12 real parameters and six phases. We can always
do an SU(2) X U(1) flavor rotation, which corresponds to
eliminating unphysical parameters: it removes one angle
and three phases. This leaves us with 11 real parameters
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and three phases, which includes the six quark masses.
Hence the parameters in the flavor sector are six quark
masses, five mixing angles, and three phases, as well as
three IR Dirac masses M, My, and M;.

At this point a remark about the size of the UV kinetic
terms is in order. The K, ; matrix elements will be very
large, generically ~[0(10%) — O(10°)]R, but this is no
cause for concern. After canonically normalizing, the mag-
nitude of the K’s will merely specify what fraction of the
fermions lives on the UV brane (i.e. is elementary in the
AdS/CFT picture), and how much lives in the bulk (i.e. is
composite). In our model the right-handed quarks are al-
most entirely confined to the UV brane, only slightly
dipping into the bulk to mix with the left-handed quarks
on the IR brane and generate a Dirac mass.

E. The zero-mode calculation

The fermion zero-mode approximation enormously sim-
plifies matching and mixing calculations, and we can use it
to gain a great deal of insight into the flavor-protection
mechanisms of our model. However, KK mixing is much
more significant for Higgsless models than for standard RS
with multi-TeV KK masses, so we need to investigate the
range of validity of this approximation in detail if we want
to trust our calculations.

1. Error estimate

Consider a simple toy model with a single generation of
quarks in the left-right symmetric representation Eq. (2.8).
There is a Dirac mass term on the IR brane (2.9) and a UV
boundary kinetic term for the right-handed fields (2.10).
Focusing only on the left-handed fields for the moment, we
can incorporate the IR Dirac mass term into the z = R’
boundary conditions of the 5D wave function profiles [23],
eliminating KK mixing on the IR brane:

Bup = R/MDguL|z=R” (37)

similarly for the down sector. We will assume that the
errors are small and Co,» —Cop = 0.

If there was no IR mixing, g,, would just be the zero
mode g(C)QL (i.e. go from Eq. (2.7) with ¢ — ¢p,), and
adding a small amount of mixing should not change the
shape of that waveform significantly. The new mode that
appears due to mixing is g,,, and its shape is also inde-
pendent of the size of a small mass. Hence it should be the
zero mode that is normally projected out when the BC’s do
not include any mixing, i.e. g?.QR (which is different from
the usual RH zero mode (C)QR = gQCQR ). A simple ansatz to

approximately solve the exact BCs is therefore

Su, = a8l 8u, = b8l - (3.8)

Using the fermion normalization condition [ dz(R/z)* X
(lguR|2 + |guL|2) = 1 as well as Eq. (3.7), we can solve for
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the coefficients a and b. Assuming the error is small, one
obtains

a=~1- %(R’MD ;EZER ;)2 59)
b= (k)

We can now estimate the deviation of a typical coupling to
gauge boson W compared to the zero-mode approximation:

Jlaan [ ()

R\# 0 |2
x j dz(;) 10, PesW. (3.10)

The correction due to including the g is at most of similar
order, and in fact much smaller for electroweak couplings
since |WR3| < |WE3| near the IR brane and g° o 1S €X-

tremely IR localized. Hence the zero-mode approximation
overestimates left-handed couplings by roughly

f(CQL))2
f(CQR) '

which is a relative error independent of the gauge charge.
By a similar procedure we obtain the error for the right-
handed couplings. It is simplest to not include the UV
brane term in the BCs and simply renormalize the bulk
wave function. Thus we find that the zero-mode approxi-
mation overestimates right-handed couplings by

5 ~( R'M), f(_CQR)>2
T\ ra )

which is negligible unless the UV term is very small. Both
of these error estimates have been confirmed numerically.
Using Eq. (2.3) we can express them as

(3.12)

5 My fleo)
LM% 10gR'/R 2
w 108 / f(CQR) (3.13)
1 M%) f(_CQR)2

Sp~ .
BT+ Kf, (R)? M3 10gR' /R f(—cq,)?

To demonstrate how significant those errors can be, we
computed the couplings in our toy model numerically for
the first quark generation only, incorporating both UV and
IR brane terms into boundary conditions. As Fig. 1 shows,
we find that one can now have both Q; and Qp localized
near the UV brane without any S parameter by turning up
the value of Mp. Thus one can get around the canonical
assumption that fermions in Higgsless RS models must be
almost flat and near the IR brane. If there is significant KK
mixing on the IR brane, the fermions can be UV localized.

015027-7



CSABA CSAKI AND DAVID CURTIN
(a)

0.70 ¢

0.65

0.60 -

CaL

0.55¢

0.50 -

0.45

—0.70 —0.65 —0.60 —0.55 —0.50 —0.45 —0.40 —0.35
Car

FIG. 1 (color online).

PHYSICAL REVIEW D 80, 015027 (2009)
(®)

T T T T T T T

0.70 300

100

0.35t% . - : rar : : i
—0.70 -0.65 —0.60 —0.55 —0.50 —0.45 —0.40 -0.35

(a) Shows the region of bulk masses that reproduces the SM couplings for the first quark generation with

varying magnitudes of the IR brane mass. The three bands are for three values of p, = M;,/M%™", where M is the smallest possible
IR brane Dirac mass which can reproduce the first generation masses. Darker (lighter) regions indicate that the coupling is up to 0.6%
below (above) SM value. The blue (horizontal) band for p,;, = 1 is reproduced by the zero-mode approximation, and it shows that Q;
must be almost flat and near the IR brane as expected. The green and red bands (successively more curved upwards) correspond to
pg = 600 and 1000, and we see significant shifts which allow the quarks to be UV localized. (b) Shows MW" for the first generation in
MeV. It is clear that increasing those brane terms by a factor of 1000 is not necessarily unreasonable, since it corresponds to a TeV

scale M.

2. Using the zero-mode approximation for our model

As we discussed in Sec. IIIC, we have used more
accurate calculational methods to confirm that our model
can satisfy electroweak precision constraints. The zero-
mode calculation without fermion KK modes will only
be used to estimate FCNC suppression. We must expect
percent-level errors for all diagonal couplings and masses
that do not involve the top, and O(1) errors for the top mass
and off-diagonal couplings in the up sector. Going from the
zero-mode calculation to full KK mixing preserves the
general mixing hierarchy, but we would have to restore a
full CKM match by adjusting the up-sector mixing angles
by order unity. This level of accuracy is sufficient to
estimate the tightly constrained down-sector FCNCs to
within a few percent. Our estimate for D mixing, on the
other hand, will only be valid up to a factor of order unity,
but this is enough to demonstrate our flavor suppression
mechanism.

IV. FLAVOR MATCHING AND PROTECTION
IN THE NMFV MODEL

We will now analyze the flavor-protection mechanisms
of the NMFV model in the framework of the zero-mode
calculation. Our first task is to find the correct UV-
localized right-handed kinetic mixing matrices K, and
K, which reproduce the 4D CKM matrix. After obtaining
a tree-level match to the standard model we proceed to find

the off-diagonal neutral couplings which give rise to dan-
gerous tree-level FCNCs.

A. Matching in the zero-mode approximation

Throughout this section we will drop the u, d subscripts
whenever the derivations for the up and down sectors are
identical. The problem of matching the zero-mode calcu-
lation to the standard model factorizes into four steps:

(1) Find bulk masses Cop> €0, » Chys Cips and ¢; which
give the correct quark couplings (noting that some
deviation from SM is permissible for the top).
Choose a set of unitary matrices U;,, U;, that
match gyi™, = U,J[ugwu[_ 4, Upq to the experimental
value of \/% Vexum- There is a lot of freedom to choose

2

mixing matrices here, and we shall address it in
Sec. VL.

Choose IR Dirac masses M, M5, and M; which are
at least big enough to supply the charm, bottom, and
top masses, and bigger if we want to confine the RH
quarks to the UV brane.

Find the K, K, kinetic matrices which are required
to produce the SM masses and mixings.

3)

“4)

The fourth step works as follows. The total kinetic term
is =1+ fpKfr (see Eq. (3.1)), where f[fr =
Diag(f3, 3, f3)l.—g is the diagonal matrix of RH quark
zero modes evaluated on the UV brane (note that f} = f3
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due to flavor symmetry). Using Eq. (3.4) we can express k
in terms of quantities that we know:

|Mmess|2 = Ul (Mt ' M)U, =

Kk = MU |M™s| "2y ] Mt (4.1
Hence we obtain an expression for the UV brane kinetic
mixing matrix:

K= f,;l[MULIMm“SSl_ZUIMJr — 1]z " 4.2)

B. Flavor protection

In the flavor basis, we can always write any left-handed
neutral coupling as

L= (W), - 1+ gk (4.3)

where (gWV); is the wave function of the gauge boson that
the fermion couples to, evaluated on the UV brane and
multiplied by the appropriate gauge coupling (in the AdS/
CFT picture, this is the elementary part of the gauge
boson). All the flavor nonuniversalities are contained in
the diagonal matrix gb* which comes from bulk overlap
integrals with the fermions (and corresponds to the com-
posite gauge boson coupling). For a right-handed neutral
coupling we also have the contribution from the UV kinetic
term, which gives

= (gW)g - (I + frKfr) + g™ = (gW¥)g - k + gk,
“4.4)

The form of K is known from Eq. (4.2), and we can obtain
the right-handed rotation matrix from Eq. (3.3)

HUg = (M™ssyfp—1t, (4.5)
The left-handed couplings just rotate by U; . This is all the
information we need to transform the couplings into the
physical basis, Where the mass matrix is M™ =

Diag(m$™, m3M, m$M).

C12€13
Up =1 —c3sin = cia8135%3
—C12€23513 T S12523

If we assume completely anarchic UV mixing, the FCNC’s
will generically be too large. However, if one assumes
Cabibbo-type hierarchies for both U;, and U;; mixing
matrices,

S = 0(1) X )\,
s13 = O(1) X A,

S§y3 = 0(1) X /\2,
A~0.2,

(4.10)

then the flavor-changing effects will get an additional
Cabibbo suppression. This amounts to assuming that there
is some systematic UV physics generating the mixing

PHYSICAL REVIEW D 80, 015027 (2009)

Before we do that, however, it is useful to parametrize
the IR Dirac masses in terms of roughly how large we want
the UV kinetic terms to be, i.e. how strongly we want to
confine the RH quarks to the UV brane. In the flavor basis,
the mass matrix is

M = Diag(M,, M|, M3), (4.6)

where the flavor symmetry forces the first two terms to be
the same and

Myt = f=co ) flco,)Mp = pom,,

M‘31 = f(_CbR)f(CL)M3 = ppmy,
= f(_ctR)f(cL)A/[l/\/Z = piny.

4.7

Pep: = 1 corresponds to choosing the minimal IR Dirac
mass (and a correspondingly minimal UV kinetic term)
which can generate the c, b, t 4D mass. p.;,, > 1 simply
corresponds to increasing the IR Dirac mass by that factor,
which also increases the UV kinetic term in order to keep
the quark mass constant. This localizes the RH quark on
the UV brane.

Now we can apply the basis transformations U; and
HUpj to Egs. (4.3) and (4.4). We obtain expressions for the
physical 4D neutral couplings:

g?ass — (g'\If)R 1+ MmassUZMflg%ulk(M’r)fl ULMmassT’
gps = (gW), - 1+ Uf g™y, (4.8)

All the off-diagonal terms come from the flavor nonuni-
versal bulk part of the coupling, rotated by the appropriate
transformation matrix.

Let us now find explicit expressions for these off-
diagonal neutral coupling elements. Our flavor symmetry
imposes gtk = Diag(ghulk!, ghulkl gbulk3) ang” gbulk =
Diag(ghlkl, ghulkl ' obulk3) The most general form (ignoring
phases) that U; can take is

513
C13523 |-
C13C23
|

hierarchies. Substituting all this into Eq. (4.8) and expand-
ing to lowest order in A, we obtain simple expressions for
the off-diagonal neutral couplings. In the down sector,

C135712
C12C23 — 812813923
T 23812813 — C128523

4.9)

~ [ ,bulk k1 ..
8Lai =~ [ghuls — ghy ]ULd, where i < j,
gbulk3 gy
8Raij =~ [ Bu A 2]mém’ded andfor (i, j) = (1,2),
pbmb pPcm
Ji 32 71731
Ua—= UiqUie

A.11)
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For the up sector just change subscripts d — u and replace
ppmy by pm,.

The flavor protection of our model is now apparent.
First, the surviving flavor symmetry between the first two
generations forces all the mixing to go through the third
generation (hence NMFYV). This is vital to push D and K
mixing below the stringent experimental bounds. Second,
since we are free to increase p > 1, there is an RS-GIM-like
flavor suppression mechanism for the right-handed fermion
couplings. This is due to the kinetic mixing terms, which
confine the right-handed quarks to the UV brane and sup-
press the bulk contributions to the couplings, which are the
source of flavor violation. Finally, since the charged-
current mixing matrix is made up of both the up- and
down-sector mixing matrices, we have some freedom to
“divide up the mixing” between the two sectors and
reduce FCNCs for each sector accordingly.

V. ESTIMATING FCNCS FOR THE NMFV MODEL

We are now in a position to estimate the FCNCs for our
NMFV model and compare them to experimental bounds,
as well as to a standard RS setup with a KK scale of 3 TeV
and anarchic Yukawa couplings, where the only flavor
protection is due to RS-GIM (see for example [16]).

A. 4-Fermi operators

AF = 2 FCNCs are mediated by the 4-Fermi operators
C145. For the up sector (identically for the down sector),
the relevant terms in the effective Lagrangian are given by

u) _ pafBoi
H( ) = le(u) (quLYp,quL)(quLquuL) + {L - R}
afol —
+ C4(u) (quQML)(quQuR)
afol
+ CS(ﬁ)o' (unquf)(qquuR

where greek letters denote flavor indices and ¢, d are color
indices (if not shown, then color is contracted inside brack-
ets). We will compute the FCNC operators by integrating
out the massive gauge bosons, then compare them to UTfit
bounds [29]. The most relevant constraints come from
meson-mixing processes, i.e. D mixing in the up sector
and K, By, and B, mixing in the down sector:

D _ 1212 K — 1212
C ClL(u)’ C ClL(d)’ (5 1)

_ 1313 B, _ 2323 ’
C ClL(d)’ CiL ClL(d)

(similarly for Cg, C4, Cs). Integrating out the massive
gauge bosons in our model, we obtain:

PHYSICAL REVIEW D 80, 015027 (2009)

1
B 2
2 Z W (g%,LuL) ,

KK "*Z

aBaB
Ciow = ‘Z 2(gGuLuL

1
BapB _ _E _ E af
Z(u)a 2 gGuRuRgGuLuL 2 m% gZuRuRgZuLuL
KK

04/3“5 - _
5(u) 72 2 gGuRuRgGuLuL

(5.2)
where “KK” indicates that we sum over gauge KK modes,
including the SM Z boson. For each operator, we define a
suppression scale A by |C| = -5

B. G’ contributions to FCNCs

We want to write down expressions for the suppression
scales of the C 4 5 operators due to contributions of the first
gluon KK mode, which dominate if Z couplings are
matched to the SM and (almost) flavor universal. The
mass of the first KK-gluon is given to 10% accuracy by

X
mg ~ El, ~ x,VLMy, (5.3)
where we have used Eq. (2.3), and x; = 2.4 is the first root
of the Bessel function Jy(x;) = 0. The bulk part of its
coupling to a left-handed zero mode is approximately

gt = gS*f(c)zy(c) = gs:F(c), (5.4)
7, (x) fo 20 (g x)dx = J\(/;) ooztc
(1 + e“/?) is an O(1) numerical correction factor [16].?
Gauge matching sets gg. = /4magL, and we find that
numerically, mg/gg. = 2My,.

Now put everything together by substituting Eq. (5.4)
into Eq. (4.11), and using those couplings in Eq. (5.2). We
obtain the following expressions for the down-sector flavor
suppression scales:

where v(c) =

. 2\/—M B
A =~ W F(eg,) = Fleg)l ™

Ufy
A(d),»,»sz/_Mw i i[F(zcg)  F(=cp)7| !
IR i dMa 2,2 2 2 ’
ULd mgp¢ mbpb
G 2M o
Ld
« [F(_CQR) . F(_CbR)] | —-1/2
mepe mypj,
ALY — BADT,

where we replace U?!, — U3}, U3%. For the up sector just
change subscripts d — u and replace p,m,, c;,, by pm;,
Cp-

To see that our model has sufficient flavor protection to

satisfy FCNC constraints we plug in some typical numbers

*The accuracy of the approximate expression for y(c) in [16]
is somewhat improved by replacing x; — (1 + e¢/2).
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TABLE I. We compare lower bounds on the NP flavor scale Ay (all in TeV) for arbitrary NP flavor structure from the UTFit
collaboration [29] to the effective suppression scale in RS-GIM [16] and our Higgsless NMFV model, see Eq. (5.5). In this RS-GIM
model, |Y.| ~ 3, fq3 = 0.3, and r = mg/g,., with a KK scale of ~3 TeV. For the Higgsless model L =~ 13 determines a KK scale
mg = 700 GeV. Setting p, = 10 gives Mp = 110 GeV ~ 1/R’, and (cg,, ¢p,) = (0.48, —0.44) matches the couplings for the first
two generations to the SM. A third generation EWPD match is most easily obtained for p;,, = 1 and (c,, ¢p,, ¢,,) = (0.1, —=0.73, 0).

To satisfy the flavor bounds, we need to push more mixing into the up sector by setting A~'U}j, ~ Ujj, ~ A and A7 UG, ~
Ui, ~ A%

Parameter Abound(3 TeV) RS-GIM A Abund(0.7 TeV) NMFV A
Re Ck 1.0 X 10° ~r/(N6lV,4 Vil f2,) = 23 X 10° 1.1 X 10° 44 X 103
Re C} 12 X 10° ~r(vY,)/(\2mgm,) = 22 X 103 11X 103 19000 X 103
Re C3 10 X 10° ~r(vY,)/(Jomgm,) = 38 X 10 10 X 103 33000 X 10°
Im Ck 16 X 10° ~r/(NOIV,gVis|f2,) = 23 X 10° 17 X 10° 44 X 10°
Im C% 162 X 103 ~r(vY.)/(2mgmy) = 22 X 10 150 X 103 19000 X 103
Im C3, 147 X 103 ~r(vY.)/(Jomgm,) = 38 X 10 150 X 103 33000 X 103
IC)l 1.3 X103 ~r/(NOIV,, Ve | f2,) = 25 X 10° 1.3 X103 1.8 X 103
[CHl 3.7 X 103 ~r(vY.)/(\2mym,) = 12 X 10° 3.5 X 10° 200 X 103
[C3 1.4 X 103 ~r(vY,)/(fom,m,) = 21 X 10° 1.5 X 10° 500 X 103
IC},| 0.22 X 10° ~r/(NOIV,, Vil f2) = 1.2 X 103 0.22 X 10° 0.35 X 10°
Ic} | 1.7 X 103 ~r(vY.)/(2mymy) = 3.1 X 10 1.6 X 10° 24 X 10°
1c3,| 1.3 X103 ~r(vY.)/(omymy) = 5.4 X 10° 1.4 X 103 41 X 10°
IC} | 31 ~r/(NOIV, Vil f2,) = 270 31 70

IC | 210 ~r(vY,)/(2mymy;) = 780 190 1000
IC3, | 150 ~r(vY.)/(Jomym,) = 1400 155 1800

and compare them to the RS-GIM suppression and the
UTHfit experimental flavor bounds on BSM FCNC contri-
butions [29].> The results are shown in Table I and dem-
onstrate why we need all our suppression mechanisms. The
RS-GIM-like mechanism for the right-handed couplings,
together with the flavor symmetry, ensures that the C, and
C5 operators are easily below bounds, a great improvement
on traditional RS-GIM alone. The suppression scales of the
C, operators are set by A, << A;x, which are only
Cabibbo suppressed, with the direct 12 contribution for-
bidden by the SU(2) flavor symmetry. This is another
reason why we need the flavor symmetry—breaking it
would increase 12-mixing by ~A* ~ 500, immediately
violating bounds. Even with the flavor symmetry, the C,
operators are close to bounds and the greatest source of
angle constraints—indeed, we can see that most of the
mixing will have to be in the up sector.

C. Z contribution to FCNCs

We have not explicitly estimated FCNC contributions
due to Z exchange, however they are included in the
numerical scans in Sec. VI. They are negligible for the

*We evolve the UTfit bounds down to the KK scale using
expressions in [30]. We thank Andreas Weiler for supplying the
necessary code.

down sector, since all three diagonal couplings are matched
to the SM, but the top coupling deviates by O(40%) in the
full calculation, generating off-diagonal terms in the up
sector. The scale of the Z' contributions to FCNCs (more
important for LH than RH couplings, since gz,,,, =
2871 u,) can be estimated using C' ~ (g, /myk)* and com-
pared to the gluon KK contribution:

&2, 1 1
0(0.4) == ~ — -— and
m;  10° GeV  10% GeV 5.6
gs:+Flcp) _ 1

mg 10> GeV'

Indeed, numerical scans in Sec. VI show that Z contribu-
tions are negligible for all FCNC operators except Ch,
where it does not invalidate the suppression mechanism
but does supply a competitive contribution. In comparing
FCNC’s to experiment, one might worry that one has to
take into account that the Z contributes to FCNCs at a
much lower scale than the KK modes. This is unnecessary,
since the C}, operator only changes by a few percent as we
evolve it from our KK scale to the weak scale.

D. Contribution to FCNCs from higher-dimensional
operators in the 5D action

Since 5D gauge theories are not renormalizable, our
fermion action could include terms of the form
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VAN
JeE=w
where A = 167/g2 = AcyoriR'/R (see Eq. (2.5)) is the
unwarped 5D cutoff. The SU(2) flavor symmetry forbids
contributions of this form to 12 mixing, but they do con-
tribute for 13 and 23 mixing.* Since the right-handed
quarks live almost entirely on the UV brane, where the
cutoff is very high, we only have to worry about the left-
handed quarks. The contribution to Cy and Cj, is

a4 ) @) ensa? ~ Garsootevy
A ) N\ \R)847 ™ (200-500 Tev)?”
(5.8)

depending on fermion localization. Comparing this to the
experimental bounds in Table I of 31 and 22 TeV, respec-
tively, it is clear that we can ignore contributions by these
operators.

(5.7)

VI. NUMERICAL RESULTS AND MIXING
CONSTRAINTS

We will now perform numerical scans to verify the
results of the zero-mode calculation and explicitly demon-
strate that the Higgsless NMFV model can satisfy flavor
constraints. This is necessary because, once we have
chosen our gauge sector, fermion bulk masses, and IR
brane terms, there is an overall rotation amongst the UV
kinetic terms that is unconstrained by electroweak preci-
sion data and determines the FCNCs.

Our method for this scan is as follows: we will first
perform some calculations without flavor mixing, which
incorporate the diagonal brane terms into the boundary
conditions to capture all KK-mixing effects and match
the SM couplings. Assuming any small flavor mixing
would not change the diagonal couplings by much, we
can use these calculations as a guideline in choosing our
bulk and IR masses for a fully mixed calculation. We then
explicitly calculate FCNCs for those input parameters by
scanning over allowed down-sector mixing angles. This
initial scan will be performed in the zero-mode calculation
for computational efficiency. Since there will likely be
sizeable errors in the up sector, we will take those points
which passed FCNC bounds and recalculate them with full
KK and T mixing, discarding those which now lie beyond
bounds.
|

C12€13
V(s12, 823, 813, ) =

—is

—C23812 T CpaS13803€ !

_ —is
C1ac3s13€ 0 51253
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We should note that exact compliance with EWPD is not
required for this scan, since a small adjustment to the input
parameters (to correct any small deviations) would not
change the FCNCs significantly. At any rate, using the
zero-mode calculation to match flavor rotations introduces
order unity errors into the charged-current mixing angles,
which would have to be corrected by readjusting the up-
sector rotations. We can do without such complications,
since we only strive for Cabibbo-fype mixing in our scan,
and most of the flavor constraints are in the down sector. If
our scan indicates that FCNCs are under control for a
general Cabibbo-type mixing, then they should also be
under control for an exact CKM match.

A. Input parameters

For our gauge sector, we choose gs; = gsg, R~ =
10% GeV and set effective BKTs at the weak scale to
zero or as small as possible. This gives L = 13 and the
highest possible cutoff scale.

In order to match the bottom couplings, we set both M
and M; to their minimum values and move only the by
close to the UV. From an unmixed calculation with full
BCs we find the following values:

CbR = _073,
M, = 600 GeV,

Crp = 0,

M; = 140 GeV.

c; = 0.1,
. 6.1)

We also know that we need to ramp up Mp beyond its
minimum value to satisfy constraints on the C, 5 operators,
so we choose p. = 10. In order to pick bulk masses for the
first two generations, we run another unmixed calculation
with full boundary conditions and select three possible
(cg,» co,) values to run angle scans for:

Scan 1 2 3
Cop —-0.37 —0.44 —0.57
co, 0.48 0.48 0.57
Mp (GeV) 76 101 445

B. Angle scans

We will calculate FCNCs due to tree-level Z, Z', G', G"
exchange, for 1 X 10° different down-sector mixings per
scan. We can parametrize the CKM mixing matrix as

—id

C13812 S13€
—i8
C12623 ~ S12813823¢ l €353 | (6.2)
— -1 —
€23512513€ C12823  C13€3

where, for example, (512, 523, 513, 0)cxm = (0.227,0.0425,4 - 1073,0.939) would satisfy the Particle Data Group
constraints on Vg [31]. Naively, we would think that we can obtain the correct CKM matrix by defining our up- and

“We thank Andreas Weiler for pointing this out.
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FIG. 2 (color online). Left to right: Points in U, ; angle space for scans 1, 2, and 3 that satisfy FCNC constraints in the zero-mode
calculation, where 51, = as$iM, 5,3 = bsSKM, and 5,3 = csTEM. Red (darker) points are found to violate the bounds when taking into
account KK mixing.

down-sector LH rotations as ignore phases, since we are after a scan of the magnitudes
+ of the possible mixing matrices, and for our purposes we
Uru = UVegm Ua = U, (63)  define Vegy = V(s$KM, sGKM (CKM () (otherwise we

could never cancel this matrix with a real rotation, intro-
ducing an up-mixing bias into our scan). To avoid obvi-
ously large FCNCs, we will make the assumption that the
mixing angles of U have a natural size comparable to those

and letting U be an arbitrary unitary rotation matrix which
gives the down-sector mixing. This is sufficient for this
scan, even though it only gives an order unity estimate of
the up-sector mixing angles. In this analysis we shall also

b € (-0.55, —0.45) b € (-0.35, —0.25) b € (-0.15, —0.05)
C C Cc
. . 2_
o,
.
L L L " a
-1 h}-b* 4 2
-1 ) %‘-.
b € (0.05, 0.15)
Cc C Cc
',.1..,;.;3-"\-.
: a
2

FIG. 3 (color online). Slices of thickness 0.1 in the (a, ¢) plane at different points along the b axis, from b = —0.5 to b = 0.5, for
scan 2 (scans 1 and 3 are similar). Green (light) points satisfy FCNC constraints in the zero-mode calculation, and red (dark) points fail
bounds when KK mixing is taken into account. The points which fail FCNC bounds in the zero-mode calculation are not shown, but
they fill up the entire remaining volume of angle space. There is no overlap between points satisfying FCNC bounds and points that do
not—they occupy well-defined, mutually exclusive volumes.
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of the final Vgy mixing matrix. We parametrize U with
angle coordinates (a, b, ¢) ~ O(1):

_ — . .CKM
U = V(s 523,513, 0),  where s, = asp;", 6.4)
_ 71, CKM —_ ..CKM ’
So3 = bsy, S;3 = cSspz

Note that (a, b, c) = (0,0,0) and (a, b, ¢) = (1, 1, 1) put all
the mixing into the up and down sector, respectively, so to
avoid a bias in our scan we define the range of the angle
coordinates to be a, b, c € (—2,3). Once we determine
which points in angle space satisfy FCNCs in the zero-
mode calculation, we recheck those points using a full KK
calculation.

C. Results

As we can see from the similar plots in Fig. 2, the choice
of bulk masses does not have a great effect on the nature of
constraints on the down-mixing angles. This is expected
since the C; operators, which are the greatest bottleneck,
are only weakly dependent on ¢y, , c¢p,—the dominant
contribution comes from the large F(c;), see Eq. (5.5). In
eliminating points which do not satisfy FCNC bounds with
full KK mixing, we only lose a few percent of points in
each scan. The zero-mode calculation is therefore suffi-
cient for estimating the angle constraints.

The FCNC bounds impose entirely systematic con-
straints on the down-sector mixing angles. This can be
seen from Fig. 3, where we take slices at different points
on the b axis (i.e. s,3) and project them onto an ac plane. A
point in angle space satisfies FCNC bounds if and only if it
lies within a well-defined subvolume, i.e. the constraints
are systematic. Assuming Cabibbo-type mixing, the good
points occupy ~O(5%) of the total angle space. This is not
really “tuning” in the usual sense, it merely means that
whatever UV-scale mechanism generates the mixings
should give a somewhat larger mixing in the up sector
than in the down sector. We note that while s, and 53
are correlated, their range is fairly unconstrained, whereas
5,3 must fall within strict limits to satisty C %?: constraints.
Roughly speaking, less than half the 23-mixing is allowed
to be in the down sector.

We can conclude that our Higgsless NMFV model
should have no trouble satisfying FCNC bounds as long

PHYSICAL REVIEW D 80, 015027 (2009)

as certain systematic constraints on the down-sector mix-
ing angles are met.

VII. CONCLUSION

We examined various possibilities for Higgsless RS
model building and constructed a model with next-to-
minimal flavor violation satisfying tree-level electroweak
precision and meson-mixing constraints, as well as CDF
bounds. The theory has a sufficiently high cutoff of
~8 TeV to unitarize WW scattering at LHC energies, the
third generation is in the custodial quark representation to
protect the bottom couplings, and a combination of flavor
symmetries and UV confinement of the right-handed
quarks suppress FCNCs. Using numerical scans, we were
able to demonstrate that our model can satisfy flavor
bounds as long as the down-sector mixing angles are
Cabibbo-type and satisfy systematic constraints. We also
found quantitative error estimates for the zero-mode ap-
proximation, which are important for RS model building
with a low KK scale.

This model has distinctive experimental signatures, al-
lowing it to be excluded early on at the LHC. Apart from
the absence of the Higgs, the usual Higgsless RS signals
include [32] a relatively light G’ with a mass below 1 TeV,
as well as Z' and W/ which are harder to detect (see
Sec. I C). More specific to our setup is an exotic X quark
with charge 5/3 and a mass of ~0.5 TeV, which could be
detected with less than 100 pb~! of data [24]. The NMFV
model also predicts nonzero correlated flavor-changing
neutral currents, which lie relatively close to current ex-
perimental bounds and would be detected in the next
generation of flavor experiments.
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