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Warped Extra Dimensions

The "hard wall” RS model looks like:

UV Brane IR Brane
A1 e
Y
0 y L
XH yd A ‘/_/
/
xV v

The spacetime is bounded by 3-branes at y = 0 and y = L with an AdS
background ds? = e~ AWy, dx"dx” + dy? = e ")y dx dx Y

The warping of the fifth dimension results in a suppression of the Higgs
v.e.v. towards the IR

Explanation of the hierarchy Mp; >> Mgy and fermion masses.
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Warped Extra Dimension With a Soft Wall

Can remove the IR brane and let the fifth dimension go to infinity.

Avoid KK continuum with decaying exponential of dilaton field that goes
to zero as z — o0

S= / d°x\/ge L (1)

This is known as the model. The action for a fermion in the
5-dimensional bulk can be expressed with z-dependant mass term

Smatter — / P x/Ee = (B(ITMV 4y — M(2))V) )

where Vyy = Dy + wpy and Dy is a component of the gauge covariant
derivative and wy; is a component of the spin connection. The I matrix
carries a spacetime index since M = E}~* where E}! is a Fiinfbein
component.

For a gauge field:
1 1
Egauge = *ZFMNFMN + EM%AMAM (3)
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Decompose each field into a part depending on the first four coordinates
and another depending

Treat the situation like a particle in a box (the compact extra dimension),
coupled to a usual Poincaré invariant QFT in 4D.

Fermions Bosons

Vg =2 AN N2)  Aulx.z) = 3 AP (x)F)(2)
n=0 n=0

[ fUD o [T de e O < b,

The label n runs to infinity and is analogous to the harmonic number in a
standing wave in a box scenario.
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Two-two processes

Can we detect the extra dimension via interactions of KK bosons and SM
fermions?

For example, we can look for:

Gn- Tns Zn

q

=

with heavy intermediate virtual bosons - difficult to produce on shell but
can probe with flavour physics.

In particular, flavour changing neutral current processes provide tight
constraints on NP theories, due to low SM background (the diagram
above doesn’t exist in the SM).
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Non-Universal Gauge Couplings

Consider term coupling fermion to guage field in the 5D bulk
—gViEN A AV

After KK expansion, find 4D coupling

gin=2g /R dz 61 (4)

where f# is the bosonic profile and the f's the fermionic profiles.

For massive modes (all but zero modes of photon/gluon) the gauge
profile will not be flat.

Non-universal couplings = between KK modes
of the neutral bosons and zero-mode (SM) fermions.
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Z Boson Coupling To Fermions

Extent of flavour violation depends on the steepness of the gauge profile.

In a flat region, the generation of FCNC's are suppressed, since degree of
non-universality is small. Note M(z) — % + % 2

S

il
0.2 0.4-" 0.6 0.8 Lo

Figure: Relative coupling of the first three (solid, dashed, dotted) KK modes of
a massless gauge field to the fermion zero modes localised at cO
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Soft Wall Kaon Physics

Kaon physics in the Soft-Wall with quadratic dilaton (¢ = z?/R'?) has
been studied = amending the geometry can help satisfy constraints.

Conversely, flavour physics can probe the structure of the extra
dimension.

10 0 2 4 6 8 10 0 2 4 6
M, (TeV) M, (TeV)

P. R. Archer, S. J. Huber, and S. Jager JHEP 1112 (2011) 101, [arXiv:1108.1433]
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Boson Propagators

Need to evaluate boson propagators.

Aulx,2) =Y AD()F)(2) (5)

v d4p fn Z)fn( ) —ip.(x—x" v
(0| TAH (x, 2) A% (x', 2)[0) = Z/ L
(6)
Can identify the position space fifth dimensional part as

> f"(z f"(z')
=)
n=0
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Boson Propagators

The equations of motion for the profiles imply
¢z 4R 2 G) _ 6%
e’ (82 <e ¢Zaz> —p > G\1/e) = e¢ﬁc5(z = (7)

we may expand (since my = 0):

GISW/G)(Z’ Z) = fj’(zzjf;’(z’) n i fAnp(2Z)_fAnn(:) (8)
n=1 n
= @2 + P62 2) + 06 ()
with Ag = const. Then to zeroth order, we have
0z <6_¢(z)53z> Gy Nz, 7) + Aoe‘¢(z)§ =0(z—-7) (10)

Similar equation with additional mass term exists for W/Z
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The Zeroth Order Green's Function

Solving, taking in to account boundary conditions, we find

v t
Golu,v) = / ) Lt + BD + g(u) + £(v) (1)
R

where g(z) = —Ao [ dz; (e?®) [t em9@) & dz)

There is again a similar solution for the W /Z (some further
complications due to massive lowest mode).

= Use this to compute two-to-two diagrams and calculate Wilson
Coefficients
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The Effective Approach

Can find "basis” of local operators for all interactions of interest (in this
case AF = 2) and write an effective Hamiltonian

M= ZC Qs + ZC Q. (12)
i = (diy"sc)(divust) 37" = (dry"sr)(dr7yu5R)
Qfd = (drst)(drst) ¢ = (c7LsR)(c7LsR)
= (R s{)(dgst) = (df's5)(d]'sR)
= (drst)(disr)
std = (drs/)(d]sR)

Match full theory onto effective
theory = 5 b 3 b
> Gos v Zn
>\ n B> >< m
q 7 q 7

Andrew Granger The Flavour of Warped Backgrounds 25 July 2014



Wilson Coefficients

For AF = 2 we find:

a==%
¢ =
G =
G =—

(G) () 1 _ sy
6 Ly iptgr, T 1SILdLdeLb + % 2c2 (2 3 )ILdLdeLb

g2 (G) (7) g’sh (2)
IRdeRde + 7 IRdeRde + 18c2"RyRyR4Rs
(G)
—8&s ILdLdeRb
gs
SNCILdLdeRb

b

l.(,q] - UT L U i - = YT {4 (=" T mj, n
tner= 2 U [z [ 92 LRGN s R ED| (U)LY,
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Hadronic matrix elements

Hadronic matrix elements for the relevant operators are calculated via

—_ 2
(KOIQ ()| K®) = ™% By (1) ,
0| Nsd 0 mg mef}%
(K@ (1) K%)= (o) = Bali)
o 2 my 2
(K1 WIR®) = (mramadioemag ) " Bs(1)

Similar expressions exist for the B mesons. We work at leading log with
i = 2Myk, with the Bag factors’ and masses run up to this scale.

(The same is done for the strong couplings appearing in the gluonic parts
of the Wilson coefficients).

TA.J.Buras, S.Jager, and J.Urban Nucl. Phys. B605f (2001) 600-624), [hep-ph 0102316]
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RS Phenomenology

m Studies of flavour phenomenology® have shown that in RS with the
Higgs localised on the IR brane, quarks must be localised near the IR
to have correct zero-mode masses

m FCNC's not suppressed in this region

m Constraints from Ko — f(o mixing forces the mass of the first KK
gauge mode to be 20 — 30 TeV.

m Can modify geometry and study effect on flavour observables

Tc Csaki, A. Falkowski, and A. Weiler, JHEP 09 (2008) 008, [arXiv:0804.1954].
M Blanke, A. J. Buras, B. Duling, S. Gori, and A. Weiler, JHEP 03 (2009) 001, [arXiv:0809.1073].

M Bauer, S. Casagrande, U. Haisch, and M. Neubert, JHEP 09 (2010) 017, [arXiv:0912.1625].
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Soft Wall B Mixing

_ pqSM,
Mf2 = M12 'q‘AAq
A, = |Ag e

B T —
L 3"’"’%-“";5L>05! I =
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Soft Wall B Mixing
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Conclusions

m The new approach to calculating boson 2pt correlators gives a close
match to traditional methods.

m A good sample of the points are consistent with experimental
bounds from B — B mixing for quadratic dilaton model.

m Currently working on AF =1 hadronic decays b — sgq and
b— dggq.

m Flavour phenomenology is sensitive to slight modification of the
background geometry via the dilaton.

m Plans to study these modified backgrounds and their effect on
B-physics processes.
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SM recap: Diagonalising the Mass Matrix

Masses come from post SSB Yukawa couplings.

n(x) +v nz
Ly = (ﬂ) (FBlp! + £, + h.c.) (13)
Matrices Mj>" = f\"/fup " might not be diagonal.

But one can always find a biunitary transformation

UtMV = My (14)
s.t. My is diagonal. So we can relate the and mass eigenbases via
= (LLU)(UTMV)(VTYR) = b Mavg (15)

where = Uy and = Vir.

Specifically p/L = U(p)pl_, n’L = U(,,)n/_ and p;? = V(p)pR, n;? = V(,,)nR.

NB: mass states are admixtures of gauge states, defined by CKM matrix.
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SM recap: Flavour Changing Currents

Consider now a charged left-handed quark current:
S = B iy = Paty™ ULy Uimyin o (16)
and in contrast a neutral left-handed quark current:
Jo = " pi = Pat?" U(er)a,'U(p)ib Pb - (17)
\_1,_/

Since in the SM, these couple to the gauge bosons via terms of the form
—igA, J*, then generically we have
—iALga7" U8 Upp Qb (18)
——
8ab

Now since all flavours couple universally in the standard model, g; = gdj;.
So for neutral currents, the couplings are unaffected by the basis change.

But for charged currents, get non-zero entries in g in the
mass basis = vertices between two different fermion flavours and boson.
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