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UED: The basic setup

» UED models are models with flat, compact extra dimensions

in which all fields propagate. [Appelquist, Cheng, Dobrescu,(2001)]

» The Standard Model (SM) particles are identified with the lowest-lying
modes of the respective Kaluza-Klein (KK) towers.

» Compactification on S'/Z, allows for boundary conditions on the fermion
and gauge fields such that
» half of the fermion zero mode is projected out = chiral fermions
> Aéo) is projected out = no additional massless scalar
» The presence of orbifold fixed points breaks 5D translational invariance.

= KK-number conservation is violated,
a discrete Z, parity (KK-parity) remains.
=- The lightest KK mode (LKP) is stable.
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UED basics: The action

» UED action
Suep,buk = Sg + SH + S,
with
Sg = /d5 { GG — - JEBMNBMN} ;
Sy = /d5x{(DMH) (DMH) + i2H' H — A(H'H)?}
S = / dx {%MDW n (XEZEH + \uQUH + A\pQDH + h.c.)} .
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UED review

UED - the spectrum
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[Cheng, Matchev, Schmaltz, PRD 66 (2002) 036005, hep-ph/0204342]
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UED - Constraints

» Phenomenological constraints on the compactification scale R~
> lowerbound = R~'>650GeV
> no detection of KK-modes

[Appelquist et al. (2001); Rizzo (2001); Macesanu et al. (2002); Lin (2005)]

R~ > 280 GeV at 95% cl.

> FCNCS [Buras, Weiler et al. (2003); Weiler, Haisch (2007)]
R~" > 600(330) GeV at 95% (99%) cl.

» Electroweak Precision Constraints [Appelquist, Yee (2002);Gogoladze, Macesanu (2006)]
R—1 > 600(300) GeV for my, — 115(800) GeV at 95% cl.

> upper bound: preventing over closure of the Universe by B(!) dark matter

= R71 S 1.5TeV [Servant, Tait (2002); Matchev, Kong (2005); Burnell, Kribs (2005)]
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Relevance of the detailed mass spectrum: LHC phenomenology

The KK mass spectrum determines decay channels and decay rates of KK
particles produced at LHC.

81

[Cheng, Matchev, Schmaltz, PRD66 (2002) 056006, hep-ph/0205314]
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The main topic of this talk:

» How can the UED mass spectrum be altered?

» How strongly are these alterations constrained by

experiment?
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Ee o} sU
Split UED Flavor violation in sUED

Implications for the SUED mass spectrum

Extensions of UED with minimal field content

Even without extending the field content, the spectrum and/or the interactions
of the UED model can by modified by the inclusion of additional operators.

Three classes are
1. Bulk mass terms for fermions (dimension 4 operators),

2. kinetic and mass terms at the orbifold fixed points
(dimension 5; radiatively induced in MUED),

3. bulk or boundary localized interactions (dimension 6 or higher)

The former two modify the free field equations and thereby the spectrum and
the KK bases {f(y)}.
Today, we focus on fermion bulk mass terms: “split UED”
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Split UED

Impli

Bulk mass terms for fermions

[Park, Shu, et al. (2009); for earlier work, see Csaki (2003)]

A plain bulk mass term for fermions of the form
So /dsx - MUV

is forbidden by KK parity, but
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sU
Split UED ation in sUED

tions for the SUED mass spectrum

Bulk mass terms for fermions

[Park, Shu, etal. (2009); for earlier work, see Csaki (2003
A plain bulk mass term for fermions of the form
SO / d°x — MUw
is forbidden by KK parity, but
it can be allowed if realized by a KK-parity odd background field
SO /d5x — APV,

where ®(—y) = —d(y)
(Orbifold fixed points are at +L = +7R/2)
In the simplest case M = p56(y)

(similar to the bulk fermion mass term in Randall-Sundrum models)
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avor vi ) sU
Split UED Flavor violation in sUED

Impli r the SUED mass spectrum

Bulk mass terms for fermions
Structural consequences: [Park, Shu, et al. (2009); Kong, Park, Rizzo (2010)]
» The fermion zero modes remain massless, but obtain a non-flat profile

VLA tus F2usly|
fo T\ 1 — eF2usL e
» The KK mode masses are m'™ = \/(us)2 + k2 with k2 determined from
0 = cot(k,mR/2) for even-numbered modes

(us)? = k2 cot?(kamR/2)  for odd-numbered modes.

» Wave functions of the fermion and gauge KK modes are not orthogonal:

SM i su (psL)?(=1 + (—1)"e*s" (coth(usL) — 1)
n — f m L =
Goozn = 97 Fopam(ksl) = 9 B0 1 ban((usL)? + 2 /4)
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Split UED Flavor violation in SUED

Implications for the SUED mass spectrum

The sUED fermion action

The most general action for fermions reads

S:/d5X£f+£Yuk

with
i - ~M —M W —
ﬁf = Z 55,/ (DM\U,'F \Uj — \Ur DM\U]'> — M[j (}/)\U,'\Uj s
ij
Lwe = Y {MQHU + A[QHD, + A[LHE } +hc.

i

MOudLe are 3 x 3 hermitian matrices in flavor space,

AY'DE are 3 x 3 matrices in flavor space.
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Split UED Flavor violation in SUED

Implications for the SUED mass spectrum

Calculating the 4D effective action

Via field redefinitions, the mass matrices M¥ can be diagonalized, and the

fermion zero mode Lagrangian in the zero mode approximation reads

—(0),
Lin = 0 )w“a#w(‘”
—0),
Lig = 3 [V (Du - 09O F ]
n=0
)\/U )\ /D A
() ai.uk , (0) i ai —(0) Ajj IL.€s (0)
Lwe = UL \@V 5Fo00 " Un,j T qu'\@ 5-7:060 Rdm +ei—= NG sfoLooReH/
+h.c.

The basis in which the M are diagonal thus signifies the gauge eigenbasis.
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iolation in sSUED
s for the SUED mass s

Split UED

Transformation to the quark mass eigenbasis by bi-unitary transformations

u = Sj(u”)?, d =Sd), e =Sie)

up=Tiug, dn=TjdY, en=Tley,

and integrating out all but the zero modes leads to FCNC operators

5 3
AF=2 __ i 9i9j ~i o A4
Hinf 2= Coq Q'+ Clho &

i=1 i=1

with

o = (atnat) (a0 at)

Qg,'-,q/ = (?72,,-672/) <ag,/‘qﬁi) ) Qghqj = (Eﬁa,/q{),i) (6%,,67?,;)
Q" = (ghats) (ab,qh) oAl = (ghat) (ab,gh)

and Qi 25 = Qi 23(L < R).
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Split UED Flavor violation in SUED

Implic rthe sUED r

sUED Wilson coefficients

ch = Z g n g n e yo@n) sd(2n)
= L, L,
— \8Men 2008267 m m ) 2 o o The
é}( _ Z 932 n g i e? ya@n sd(@n)
n Smé(zm 2 cos? 9 (20) (2,,) 2m? 2n) Fos Th.as
4 Z < g 9 e? d(2n) y d(2n)
CK = — + —+ V V
2 2 2 R,ds VL,d
n Meen  cos? 9&/”) mé(zm M yen) ° °
5 d(2n) | ,d(2n)
Ck Z 3m2 VH ds VL ds
(2n)
where V (ST}-QL a@g ) V (TT]:‘“EH”F{T )
L, Ij 002n “Culy ’ R I] 002n "uJi
d(2n) _ T ) d(2n) _ T dg.d
Van (S 362?&)// ’ VF! Un (T -7:0(?2,79 Td)ij

The analogous expressions for C},’Bd, g, follow from these by the
replacements (ds) — (uc), (db), (sb).



Split UED

Experimental constraints: [Bona et al. (UTfit Collaboration, 2007)]

Parameter 95% allowed [TeV—2] ‘ Parameter 95% allowed [TeV—2]

ReC}) [-9.6,9.6] - 10—7 ImC}, [-4.4,2.8]-10~°
ReC2 [-1.8,1.9]- 108 ImC% [-5.1,9.3] - 10—
ReC} [-6.0,5.6] - 108 ImC3 [-3.1,1.7] - 1010
ReCy [-3.6,3.6] - 10—° ImC% [-1.8,0.9] - 10—
ReC} [-1.0,1.0]- 108 ImC% [-5.2,2.8] - 10—
IC3,| <23-10°5 [N <1.1-1078
Ic3,| <72.1077 |C2,| <56-1075
|ng| <28-1076 1C3, | <21.10~*
Ic3,| <21.10~7 CE | <1.6-1075
IC3,| <6.0-10~7 |C3.| <45.1075
ICL| <72-1077

|C23 <16-1077

IC3 <3.9-10°8

IC <48-1078

IC3 <4.8-1077

Thomas Flacke Precision constraints on split-UED models and predictions for the SUED KK m



Split UED Flavor violation in SUED

Implications for the SUED mass spectrum

How can FCNCs be avoided in the quark sector?

The constraints on the C"’s imply, that the products —' V[’/g(,f”) VL“//,;”(,.IZ.”)
G(2n) ’ ’

have to be very small. This can be achieved in three ways

1. High compactification scale:
R~ > 10° TeV satisfies all constraints for S, Tj, 7 of O(1).

2. Degenerate mass matrices.

3. Alignment of the 5D mass matrices with the Yukawa couplings.
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Split UED

Mass degeneracy

As shown, C' ~ V//3#" /2 and

2 s 2 )
VD = (SIFIES); . VST = (TU Rt T
de , d(2 dp,d,
VL,E’/’ = (S;]:gészSd)/f ) VR.,(/‘jn) = (TJfogan Ta)i.

= C' vanish if all Fy2, are proportional to 1.
& MAYVL = 1 % 1299 (y) with 2% € R.

< 5D Mass matrices are flavor blind = degeneracies in the mass spectrum.

This setup is flavor blind but non-trivial.

For p¥ # 9 # p? quarks have chiral couplings to KK gluons.

Thomas Flacke Precision constraints on split-UED models and predictions for the SUED KK m



Split UED Flavor violation in SUED

Implications for the SUED mass spectrum

Alignment

» All Wilson coefficients would vanish if we could choose
Sg=Ty4=T,=S, =1, but to obtain the SM at the fermion zero mode

level, S} Sy = Ugky must be imposed.

» Choosing at least S; = Ty = 1 avoids all bounds from the down-type

sector.

» Furthermore choosing T, = 1 avoids all constraints from the up-type

sector apart from the C}, constraint.
» The C}, constraint with 7, = 1, Sy = U, implies
Q _(rQ < -3 -1
|(Fe),, — (#&%), | x RS 8x107°Tev

with no other constraints on M@Y:2,
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avor violatio sU
Split UED Flavor violation in sUED

Implications for the SUED mass spectrum

Implications for the sSUED mass spectrum

The masses of the first KK mode fermions are m") = /(1u5)2 + k2 + 6m
where k? is determined from (us)? = kZ cot?(kywR/2).
81 is a small correction (m,,/m')))2m(") from mixing via the Yukawas.
The implications of the three solutions to the FCNC problem are therefore:
1. High complactification scale = No new physics at the TeV scale.
2. Degenerate mass matrices = First KK mode quarks come in three mass
degenerate sets (uﬁ”, 01(1), t1(‘)), (df”,sﬁ”,bﬁ”),
(8, o, 51 b5 40).
3. Alignment = The mass degenerate first KK mode sets are
(ug), ", CS),SS)) and (bg), té”), but the remaining first KK quark

masses are not constrained by flavor physics at tree level.
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Conclusions

Conclusions

» Fermionic bulk mass terms are thought to arise from couplings of the
fermions to a KK-odd background field.
In the absence of a flavor symmetry, there is no reason to assume the

5D mass matrices to be uniform.

» We showed that the absence of FCNCs strongly constrains the allowed
Yukawa couplings and 5D mass matrices:
Solutions in which TeV scale sUED is not ruled out by FCNCs have

> Mass degenerate sets of KK modes or

> Mass degeneracy between KK partners of the left-handed first and second
family quarks and a delicate alignment between the Yukawa couplings and
the 5D fermion mass terms.
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Conclusions

Outlook

» The presented results are about to be published.

» We performed an analogous study for lepton flavor violation which
shows that in the lepton sector, FCNCs are generically present, but an

aligned solution exists independently of the KK lepton mass spectrum.

» So far, all results are calculated at tree-level, only. A one-loop analysis of

flavor and electroweak constraints is needed. (work in progress)

» The analysis presented here can also be applied to NUED models with

boundary localized kinetic and mass terms (work in progress).

» The requirements of mass degeneracy and/or alignment with the sUED

setup calls for a flavor symmetry embedding (work in progress).
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