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Introduction

o What are some new O
physics possibilities at the
TeV scale?

SUSY: new
superpartners and
Higgs at the TeV scale

Extra Dimensions: new
KK Excitations at the

TeV Scale
Extra U(1): new Z’ at
the TeV Scale O
o These are all theory
motivated. O

Z. Murdock, Pheno 09

Experimental Clues so
far:

Charged fermion
masses are highly
hierarchical

Quark mixing angles
are hierarchical
FCNC processes are
strongly suppressed

What sort of new physics
at LHC can explain these?

In this work, we explore
one such possibility

3/15



Introduction (SM)

o In the Standard Model: m, quiV/\ﬁ

L, = J’diqiLdiRH+yuiqiLuiRH+h-C-

m, ~172 GeV = y, ~1 VosVer Vs Yas Vs Ves Vs Ve <<1
o Top quark is o Probably not
directly connected directly connected
to EW symmetry to EW symmetry
breaking sector breaking sector

o Has dimension 4 o They may be
Yukawa interaction connected via some

5/11/09 Z. Murdock, Pheno O9messenger fields
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Introduction (Model)

o We know FCNC interactions among quarks are highly
suppressed:

This hints at the existence of some flavor symmetry

o If we let all SM fermions except g5, Usz, H carry non-
zero flavor charges

This prevents dimension 4 Yukawa couplings for the light
quarks with H

o What sort of additional fields do we need to achieve
this scenario?

Vector-like quarks and leptons at the TeV scale, and new
flavor symmetries, U(1)

o What are the possible choices for messenger fields?

A SM singlet complex Higgs field, S with an extra U(1)¢
symmetry

o New Physics -> Q, S, Z'
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Model and Formalism

o Extend SM c[;auge symmetry by a U(1)glocal symmetry and
U(1)e global symmetry
All SM fermions are neutral with respect to U(1)<
GlngSM fermions, except g5, and u,g, are charged with respect to
.
o Flavor charges of SM fermions are such that only the top quark
has dimension 4 Yukawa interactions

o S acquires a VEV at the EW scale -> breaks U(1)s
spontaneously

o Pseudoscalar component of S is eaten to give mass to U(1)q
gauge boson, Z’

o S acts as the messenger of both flavor sym. breaking as well as
EW sym. breaking

o There are additional vector-like fermions at the TeV scale,
charged under U(1)s and U(1).
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UV Completion

Integrating out the heavy fermions in the tree level
diagram composed from the couplings:

qu?aLQIRS + féélRQlLF + inélLDlRH +M51RD1L + ‘JZEILd?:RST

S F

| | o gt
\ \ \ \
: | : |
S I fo | fio | f3
s : . : s
4L Qir QL Dig Dy, dsg
. FY S'S\_
= L7 = £ 1.1, fm(M)(M2 jq3Ld3RH +h.c.

Similarly for other interactions
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Model Lagrangian

~~

L, = h;g@uug,RH

S"S Vo a= y— S = ~
+ (sz[h'%q“ dypH + hzzququH + hzsquusRH +

(STS
+ M2

jz

h;’zgu d,pH + h§35u d3RH T h?flzq_n d,nH

~~

hlulglLulRH+hlalgud1RH+hlcéglLd2RH+

15q,,d o H + 153G ds H +1q, dyH

All coupings : 1%, h¢ ~ O(1)

g2y
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u — Ty u — ry u —
T hyq, wpH +h3q u H+hyyq w,H

hgzgnuzzeﬁ]

+ hluquLMZRﬁ:|
:|+ h.c.
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Fit to Fermion Masses & CKM mixings

Sz(s/\/z—kvs)

v~174 GeV, e=—=, f=—1
M M

h’ =hcos@+ssin @
=—hsmn@+scosl
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M, =

M, =
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Fit to Fermion Masses & CKM mixings

To leading order in €:

d u
hluhu V |~ h_hu 82
~ u u 2 u 27211 .6 us| — d d
(mt’mc’mu): hys|s || €75 |y — L 4 hy, hy
22 pd g
Mlrdl 2 |dl] .4 |5.d|_6 ~ (723 _"723|.2
(mb,ms,md)ZQh33‘8 ,hzz‘g ,h“‘g )v V| = XY g
33 33
ol 20504 |1.0] 6
(mmm)%@h‘e h‘g h‘e)v d ud ”
TRHY e oL N el R V zhl3_h12h23_h13 2
ub| — hd hu hd hd
33 22133 23

With € ~ 1/6.5, a good fit is obtained for:

{hsa 2 Poa s |y = ”5,221 } =10.96,0.14,0.95) v -0z,
ﬂh;’é |h5s)s hﬁ\}= {0.68,0.77,1.65} V.1~0.04,
ﬂhfg, ’ hzgz R hlgl‘}: {042, 106, 021} I/ub ~ 0004
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FCNC: K-Kbar and D-Dbar mixing

K°-K° D’ —-D°
d d u u
S S
S ~ hiyh3, B0 ~ € o ~ hi,hs 325 ~ 8
S S _
c c

o Amy~10-16-10-17 GeV o Amp~10-14 GeV for
for mg~100 GeV ms~100 GeV

O AMyieypy=3.5%101>GeV o AMpe,py=1.6%10"1* GeV
Diagram goes as 1/m* o [ cannot be much larger

o So S cannot be much than €
smaller than 100 GeV o So S cannot be much
smaller than 100 GeV

O
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New Physics Signals at the LHC

o New particles in the Model:
A scalar Higgs, s, m¢>100 GeV
An extra gauge boson, Z’, can be very light
Heavy vector-like quarks and leptons at the TeV scale
o Without mixing, coupling of h® to SM fermions are
identical to that in SM
o Higgs Decays:

Because of the flavor dependence of the s® Yukawa
couplings and mixing in the mass eigenstates, BR for
hO to various final states is altered substantially.

BR figures for 8=0°, 20°, 26°, 40°
For 8=0°, BR’s are the same as in the SM

5/11/09 Z. Murdock, Pheno 09 12/15



h—2x for 6=0°, 20°, 26°, 40°

Higgs Branching Ratios in Model, 6=0 Higgs Branching Ratios in Model, 6=20
1 1
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WW and yy modes

o h—yy o h—-WW

o For 8=20° and 26°, gq, o In SM, h—bb and h-WW"
vy BR’s enhanced crossover occurs at m,~135
substantially compared GeV
to SM o In our model for 8=20° (for

o For a light Higgs, example) this crossover
m,~115 GeV, the takes place sooner (~110
usually dominant bb GeV).
mode is hlghly o As a result, Tevatron
SUpPpresse experiments will be more

o sensitive to a lower mass

range of Higgs than in SM

o Potential discovery of
the Higgs via this mode
at the LHC
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Conclusions

O O

O O

Presented a TeV scale model of flavor

Only top quark directly participates in EW
symmetry breaking

All lighter quarks participate via a messenger
field, a complex scalar, S

Fermion masses and mixings are reproduced by
breaking of a flavor symmetry at the TeV scale

Yukawa couplings are all O(1)
New Physics:

A singlet scalar S, light Z’, and vector-like fermions
(TeV)

Observable new signals at the LHC for Higgs
discovery, Z" and TeV scale vector-like fermions
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Yukawa Interaction and FCNC

/hng he®  hise 6h1“155,8 Anse’ B Ahe’ B
\/EYZ;H =| I58° hyne' hge \/EYUS A&’ 2hnef 2hyep
hie®  hiet hie’ 4nie’ B 2hief 0
/hng et hie! oh\e’ B 6h%e’ B Ohie’
Vv = hiet hier hier | N2YS=|6nlE B AnieB anlep
Bt et kg Ohie’ B Ahiye’ B 2hief

note: Y, o« M, Y} oc M, = No FCNC mediated by h"
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Yukawa Interactions and FCNC

o Coupling of s® to fermions = flavor
dependent

o No coupling of s® to top; dominant
coupling to bottom -> interesting

phenomenological implications at
the LHC

o For s® the Yukawa interaction matrix

Y is not proportional to M ->FCNC in
sV interactions

Z. Murdock, Pheno 09 18/15



5/11/09

Other Rare processes

O

K, >uu .

BR~10-14for mg~100 GeV
BR¢ypt=6.9%107°
Similarly, contributions to:

K, > ue, K > nvv,u—ey, u—3e

All orders of magnitude below experimental limits

Z. Murdock, Pheno 09
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Constraint on the mass of Z’

2 2 2
=2
my EEVs In our model:

o VgV, but gcunknown and

Q
hence m,.is not o 4
determined in our model VaVaVAY AN
Q

o Accurate measurements
of Z-properties at LEP —
6,.,,<103 or smaller for

m,<lTeV Q is heavy vector-like fermion
at the TeV scale (M)—
Z' can couple to SM fermions 2
via 6 dimensional operators 9.  ~8z8z | Mz | 19+
1 et (M

L= WQFLGWWRHZ;W
Thus, no significant

If Mis in TeV scale, the Z’' can be bound on Z’ mass from
very lightl LEP
5/11/09 Z. Murdock, Pheno 09 20/15
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Yukawa and Gauge Couplings
(with mixing)

Interaction Coupling Interaction Coupling
_ m ) 6cosd _ m 6sin @
S — uu —L | sinf + h— uu L cost—
V\/E (04 v 2 a
s—>dd M Sin0+6cosﬁ h—dd M cos0—6sme
v/ 2 a v/ 2 a
m 4cos@ m 4sin @
s> utu 2 sin @+ h— u'nu~ —=|cos@-
a vV 2 a s w2 a
_ m ) 4cosl _ m 4sin 0
s —> SS S| sin @ + h— ss S| cos@—
v/ 2 o v\/E o
s m : 2cosd . m 2sind
S—>TT | sin @ + h—>1t'r | cos@—
v/ 2 a v\/i a
_ m. (. 2cosd _ m. 2sin @
s —>cc < | sin @+ h—cc < | cos@—
Va2 a v\/E a
s —>bb ", sin0+20080 h— bb ", cos@—zsmg
vﬁ o V\/E a
s>t sin @ h—tt cos @
v\/_ v\/_
s —>7Z7 sin @ h— 77 cosd
vf vf
s—>27'7' _cosé h—27'7' _sind
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h—2x for 6=0°

Higgs Branching Ratios in Model, 6=0
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h—2x for 6=20°

Higgs Branching Ratios in Model, 6=20
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h—2x for 0=26°

Higgs Branching Ratios in Model, =26
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h—2x for 6=40°

Higgs Branching Ratios in Model, =40
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h—2x including h—ss and z'z’

Higgs Branching Ratios in Model, 6=20
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Branching Ratio
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UV Completion (2 Generation)

o Symmetries: SM + U(1)s+U(1)-
U(1)s broken at EW scale, <S>
U(1) broken at TeV scale, <F>
3 Generation model adds 3 U(1):

O
o All other quarks carry U(1): charges
o Heavy vector-like quarks are introduced:

QiLrs DiLrs UiLr

Direct Dirac mass terms for Q, U, D only if L
and R carry same U(1) charge

Z. Murdock, Pheno 09 28/15



Table of Charge Assignments

Field U(l), UQ1), U(Ql), Field UQ1), U1, UQ),

H 1/2 0 0 0,, 1/6 ~1 3

S 0 1 0 O, 1/6 ~1 2

F 0 0 1 Our 1/6 2 2

g, Y60 0 O, 16 2 !

q,, 1/6 0 2 u, 2/3 1 0
Uy, 2/3 0 0 U, 2/3 1 1
u,,  2/3 0 3 u, 2/3 ~1 3
d,, —1/3 0 -1 U,, 2/3 ~1 3
dyy —1/3 0 3 D, -13 -1 -1
0, 1/6 ~1 -1 D, -13 -1 -1
O, 1/6 ~1 0 D, -1/3 2 3
0, 1/6 1 1 D,, -—1/3 2 2
Q,, 1/6 1 2 Dy, -1/3 1 3

5/11/09 Z. Murdock, Pheno 09 29/15



UV Completion

With these charge assignments, only the following dimension
4 interactions involving SM particles are allowed:

~~

Ly = fiq; us H
+ 125,00 S + D, A S" + f10, 05, S” + f3U 13, S
+ f692.O5pS + f7U2L“2RST + foDs,d, S + hc.

fi's are dimensionless couplings ~1
Only top quark has direct EW sym breaking connection
Other couplings involve S, but not H or F

EW sym breaking is communicated to lighter quarks or
leptons by S.

o O O O

5/11/09 Z. Murdock, Pheno 09 30/15



UV Completion

Dimension 4 couplings involving just the heavy
vector-like fermions are:

LY — f9§1RQ1LF+flOQLDlRH"'anzRQzLF"'flezLUlRH"‘
f13U1RU1LF + fi4Q3RQ3LFT + f15Q3LU2RH + fi6Q2LQ4RST +

f17§4LQ2RS T f18§4RQ4LFT T f19§4LD2RH + fzoBZRDZLFT +
fo1Dy; DS+ MD,,D,, + MD,, D,, + MU, ,U,, +h.c.
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