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Introduction
Motivation

Top physics

General motivation: Grand unification schemes
e String theories

e 10-, 11-, or 26-dimensions

Personal motivation: Top physics




Introduction
Motivation

Top physics

Top quark:

e Main decay mode:
t— oW (BRx~1)
e Rare decay modes:
t—ch (BR=2x10"'%)

t—cy (BR=2x10"1)
t—cZ (BR=17x10"1)
t—cg (BR=2x10"")
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t — ch:
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Motivation
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Interactions absent at tree level:
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Introduction
Motivation

Top physics

Process Theoretical BR  Experimental BR

t — ch 2 x 1071 <2.2x 1073 (95%)
t—cy 2x 10713 < 1.7x 1073 (95%)
t—cZ 7x 1071 < 0.49 x 1072 (95%)
t — cg 2 x 1071

Can we account for these large orders of gap in an
extra-dimensional scenario?
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Introduction
Motivation

Top physics

Standard Model Lagrangian:

L = og)gauge + zgaugc fixing + ﬂgghosts + nghiggs + ag[crmion + ngyukawa

where
1
fgaugc = Z _ZV;WV/U/
V=ga,Wi B
: kinetic terms for mediators
71 1
i\2 312
e s = 3 [-5@am?] + z [ 5@ — ] + [~ 510, -
a=
: terms fixing redundant degrees of freedom

v(/higgs = ‘-@yH|2 + /1'2 |Iil2 -A ‘H|4

: terms giving mediators their masses




Introduction
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Top physics

Dg/ﬂfermion - Z JEZ’Y“ @Mf
f=Q,U,D,L,E

: kinetic terms of fermions

gyukawa = _yeI_/EH — yuQUﬁ — deDH + h.c.

: terms giving fermions their masses




Theoretical setup and coding

Conventions:

gMV:+___

@ﬂt:au%xgu%wf.w“%ym

H_l(i<¢1+i¢2>)
V2 \h+u+ie?
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Theoretical setup and coding

Promotion to 5D:

wv,...=0,1,23 — MN,...=0,1,2,3,5

0 2T|R- ZT'R
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Theoretical setup and coding

St/ Zs orbifold:

Y

7

Y
0 R — —
0 TR

(-nR/2) (nR/2)

The orbifolding is required to obtain chiral fermions in 5D.
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Theoretical setup and coding

Minimal vs. nonminimal UED:

bulk

4D 4D

4-branes

y.:o y:ﬂR

The nonminimal model contains boundary localized terms at
the action level:

25 [5) + 6y — 7R)] | 57 (0u0)° — gmid”
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Theoretical setup and coding

Back to minimal UED:

Zo symmetry = new conserved quantum number, KK parity




Theoretical setup and coding

The case of a massive scalar:

S = /d5 [ (Om )2 — fm5¢2

ms @ 5D mass term, a combo of 5D couplings and Higgs VEV
Equation of motion:

(O +mB)o(a,y) = 0

O = oyoM =0 - 02

Ansatz:

Y) =Y n(@)fuly) : KK tower of 5D field ¢
n>0
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Theoretical setup and coding

(O+m)pn(z) =0,  fr(y)+Mp faly) =0, m}
Solution:

y) = Z ¢n(x)(Ap sin Myy + By, cos Mypy)
n>0

Zo symmetry:

b+(7,y) = £o+(x, —y)

Therefore,
o+ (2, y) Z ¢1n(x) cos Mpy
n>0
= Z ¢—n(z)sin Myy
n>0
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Theoretical setup and coding

Boundary conditions:

¢‘y:0,7rR =0 or 8y¢‘y:0,7rR =0

If the particle has a counterpart in SM, then impose Neumann
condition.
If it is new to SM, then impose Dirichlet condition.

¢ ‘y:O,ﬂ'R =0 and ay¢+‘y:0,wR =0
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Theoretical setup and coding

This give the same mass quantization for both types of fields:

— 5 bunla)cos ™

n>0

Zqﬁ sm—y

n>1

Repeat the procedure for all the scalars, fermions, and gauge

bosons.
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Theoretical setup and coding

Apparently, we have infinitely many particles (KK partners).
By vacuum stability analysis, the maximum KK number to use
is

Nmax = 6

19 /37



Theoretical setup and coding

KK expansion of all the fields, normalized on the interval y € [0, 7R]:

b4 (,y) = \/—¢+0 )+ Y bin(z \/*COS%}

n>1
¢*(xvy) Z¢ n I) 751117
n>1
" ’ e / ny
Vi (z,y) = FV_(QE +”;V s

Vo(x,y) = ZV5 1/—s1n§y

) = o in®) + T [Pt on 3+ Paste) i )
n>1

Jr(z,y) = \/%f}zo(ﬂﬁ) + Z 1/ % [PRfRn(x) cos % + Pr,frn(z) sin n—Ry]
n>1
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Theoretical setup and coding

Put all the fields into the 5D action and integrate over the
extra dimension. This gives selection rules for possible vertices:

ko om 4

n=m+k n+m=/t*'€

This is related to the fifth component of the momentum being
conserved due to translational symmetry.
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Theoretical setup and coding

There is an accidental symmetry. Let
T:y—>y+7R
Then

On = Anbn

where A\, = (—1)" is called the KK parity. If

(=1)"EmER — 1 for a 3-point vertex

(—1)"EmEREE — 1 for a 4-point vertex

the Lagrangian is invariant under 7', hence the KK parity is
conserved.
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Theoretical setup and coding

Caution! Couplings are dimensionful:

TR
—=. g5 — —
/0 dy Fir DS > == i oV}, > =g’ oV,

Thus, [g5] = M /2. Therefore, the theory is
nonrenormalizable, and we need a cutoff, A.

AR = npax = 6

and we obtain an effective 4D Lagrangian.
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Theoretical setup and coding

Spontaneous symmetry breaking in the effective Lagrangian:

Scalars Fermions
Gauge basis Mass basis Gauge basis Mass basis
, 92 fL'mfRn flnaf?n

n
15 25 11 2 + £
Wnoan07¢nv¢n Gnaan

Wss)vB?ud)?L GrluGgwan
Vectors
Gauge basis Mass basis
gn gn
W', Wk Wit
W Bl AL Z

The SM spectrum remains the same in the minimal UED.
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Theoretical setup and coding

New diagrams for ¢t — ch:
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Theoretical setup and coding

For all the fields,

2,
M =\ o

Thus, the spectrum is highly degenerate.
The radiative corrections!, which induce boundary
localizations, breaks down the degeneracy in the spectrum.




Theoretical setup and coding

Coding;:
e LanHEP model by Belyaev et al. (2015)

e Dubious vertex factors

e Original Mathematica code to check vertex factors




 FFS/nn0 and FFV/nnO interactions of quarks in our MUED .,

Z1=0; (» set this 1 to get all Z's 1. -- this turned out to be superfluous. )
(+ ¥° and Pg. are always to the right of y*. %)

« spectrum .,

g

up: SM mode of up-like Dirac quark;
down: SM mode of down-like Dirac quark;

up1: KK mode of 1st up-like Dirac quark;

up2: KK mode of 2nd up-like Dirac quark;
down1: KK mode of 1st down-like Dirac quark;
down2: KK mode of 2nd down-like Dirac quark;

Wp: SM mode of W* boson;
Wm: SM mode of W~ boson;
2:5M mode of Z boson;

A: SM mode of photon;
g:SM mode of gluon ;

Wpn: KK mode of W* boson;
Wmn: KK mode of W™ boson;
Pn:KKmode of P boson;

Vn: KKmode of V boson;

gn: KKmode of gluon;

higgs: SM mode of Higgs;
Wpf: SM mode of Goldstone of W* boson ;
Wf: SM mode of Goldstone of W- boson;
2f: SM mode of Goldstone of Z boson ;

Wpnf: KK mode of Goldstone of W* boson;
Wmnf: K mode of Goldstone of W- boson;
Pnf: KK mode of Goldstone of P, boson;
Vnf: KK mode of Goldstone of V boson;
gnf: KKmode of Goldstone of gluon;

hn:KK mode of Higgs;
apn and amn: charged scalars in the tower;

an: neutralscalar in the tower;

B

o>



heoretical setup and codir

. usage .,

vertex[MainField_, FermionBar_, Fermion_] t=
If[MemberQ[{Wp, Wm, Z, A, g, Wpn, Wmn, Pn, Vn, gn}, MainField], vec [MainField, FermionBar, Fermion],

sca[MainField, FermionBar, Fermion]] /. rule2 // Simplify
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Results
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Conclusion and outlook

e Contributions are very small.
e Model is predictable — only free parameter is R.

e Dark matter candidates: g}’ and A/ are the lightest KK
particles whose stability is guaranteed by KK parity.
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Conclusion and outlook

What is next: Nonminimal UED

e Boundary localized terms
1 1
Z 2 o(y) + oy —7R)] | 5r (0u9)* = 3"

e Loss of KK number conservation
e Extended parameter space: r and m;y for each field

e Richer phenomenology
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