Fermion Mass Hierarchy and
New Physics at the TeV Scale

S. Nandi

Oklahoma State University

and Oklahoma Center for High
Energy Physics

(Talk at Fermilab, June 8, 2010)

Oklahoma Center for High Energy Physics




Fermion mass hierarchy

Longstanding problem

Charged fermion masses vary by 5 orders of magnitude
Quark mixing angles vary by 2 orders of magnitude

Two main approaches

Fermion mass hierarchy is caused from physics at high
scale (GUT scale or Planck scale): Frogatt- Nielsen
mechanism

Caused by some new physics at the TeV scale



This Talk
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Introduction

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

SUSY: highly motivated

o hew superpartners and Higgs at the TeV
scale

Extra Dimensions: somewhat
motivated

o hew KK Excitations at the TeV Scale

Extra U(1): somewhat string motivated
ohew Z" at the TeV Scale

However, these are all theory motivated.
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Introduction

o Experimental Clues so far:

Charged fermion masses are highly
hierarchical

Quark mixing angles are hierarchical
FCNC processes are strongly suppressed

o What sort of new physics can explain
these, and can be observed at the LHC?

o In this work, we explore one such
possibility
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Introduction

o In the Standard Model: My =YgV

L, = ydiC_IiLdiRH + yuiCTiLuiRI:I + h.c.

mt~17ZGeV = Yt~1 yb’yc’ys’yd’yu’ye’y,u’yr <<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
messenger fields
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Model and Formalism

o Extend SM gauge symmetry by a U(1)s local
symmetry and U(1)g global flavor symmetry

All SM fermions are neutral with respect to U(1)¢

All SM fermions, except g5, and usg, are charged
with respect to U(1),

o Introduce a complex scalar field S

o Introduce a complex flavon field, F

o Flavor charges of SM fermions are such that only
the top quark has dimension 4 Yukawa
interactions
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Model (continued)

O

O

O

S acquires a VEV at the EW scale [ breaks U(1)¢
spontaneously

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

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

U(1)q is broken by the VEV of a flavon scalar, F at the
TeV scale

There are additional vector-like fermions at the TeV
scale, charged under U(1); and U(1)

[1The Yukawa interactions of the light fermions, after

integrating out heavy vector-like fermions, appear
as higher dimension operators
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Model (continued)

o The Yukawa interactions of the light fermions
have a hierarchical pattern of the form:
N,

S'SY(E\'[F _
(sz (Wj V fijdqiLdeH

o Similarly for the up sector

o The observed fermion mass hierarchy and mixings
are reproduced in powers of €

S
o= <_> 1 — "Little hierarchy"
M 7
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Model (continued)

+ h;lq ulR H + hl3q u3R H + h31q ulR H

+[s*s]2 hT dyeH +hiT dggH +h%T dy H +hig UZRH}

il h11qlLu1RH +h11q leH +h1d2q dZRH + +he
hzdlq leH'I'hlsq dsRH+h q leH

All coupings: h!,h! ~O(1)

7o
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Fit to Fermion Masses & CKM mixings
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Fit to Fermion Masses & CKM mixings

To leading order in €:
h1u2h;1
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With € ~ 1/6.5, a good fit is obtained for:

uju
h12 h21

hU

u
h33

u
’h221

u
h11 _

|

th | g e }= f0.68,0.77,1.65)
{hiol I} b= 10.42,1.06, 0.2}

}: {0.96,0.14, 0.95}

hl—}— i, g2
h22 hgz
h33 h33

d Uy d u
h13 . h12 h2 h13
hCSB h;2 h:gB h2d3 |

V., |~0.2,
V., | ~0.04,
v, | ~0.004

Pg. 13



Yukawa Interaction and FCNC
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Higgs Sector and Z

o Higgs potential invariant under SM and U(1)¢
V(H,S)=—p; (HH) = 15 (S"S)+ A, (H'H)
+2:(S878)2 + A, (HTH)(SS)

Mliz ZAH ﬂ~|—|3052 2V2; aEV—S
Aa 24a v

h® =hcos@+ssiné

N N
I
N
«Q
m
<

ms-. ge : U(1)s gauge coupling

s’ =—hsin@+scosd

o 0= mixing angle in the Higgs sector
o Z' does not couple to any SM particles directly
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Phenomenological Implications

Constraints from existing Experiments

o For sO the Yukawa interaction matrix Y is
not proportional to Mass matrix, M
SO0 exchange causes FCNC
Coupling of s0 to fermions ) flavor dependent

Constraints come from K-Kbar mixing, D-Dbar
mixing, K, — p*y-, B¢ — p*y,...
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K-Kbar and D-Dbar mixing

K°-K?® D°-D°
d d u u
S S
I ~ hiyhg 2€'0 ~ €' o ~ hiyhly B0 ~ €8
s s ¢ c

o Amy~10-16-10-17 GeV o Enhanced compared to K-
for mc~100 GeV Kbar
O AMy(eypry=3.5%1071> o Amp~10-14 GeV for
o Diagram goes as 1/m_* mg~100 GeV
o So S cannot be much O AMp(eypy=1.6%10714
smaller than 100 GeV ® thannot be much larger
than €

o S0 S cannot be much
smaller than 100 GeV
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Other Rare processes

O

K> uu o

BR~10-14for mg~100 GeV
BRgy,=6.9710-°
Similarly, contributions to:

K. —>we,K—>nvw, u—>ey, u—3e

All orders of magnitude below experimental limits
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Constraint on the mass of S

o If mixing exists, for sin?620.25, the
bound on the SM h, m;,>114.4 GeV
also applies to m,

o S can be lighter if mixing is small
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Constraint on the mass of Z

2 2
Mz = ZgEVS In our model:
o Vv, but gz unknown and p ¢ -
hence m.. is not
determined in our model VaVaVaV AN,
o Accurate measurements
of Z-properties at LEP —

6,.,,<10-3 or smaller for Q

mz<1TeV Q is heavy vector-like fermion
at the TeV scale (M)—
Z' can couple to SM fermions m 2
via 6 dimensional operators Q. _ ~ 9:9; | My ~10™*
1 22 1672 (M

L = W;FLO'WWR HZ ,

Thus, no significant
If Mis in TeV scale, the Z’ can be bound on Z' mass from
very light! LEP
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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 And coupling of s®to SM fermions are
flavor dependent:
(t,b,T;c,s,u;u,d,e)=(0,2,2;2,4,4;6,6,6)
These involve 2 parameters: 6, v./v = a
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Yukawa and Gauge Couplings
(with mixing)

Interaction Coupling Interaction Coupling
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S—u £ Sin9+4c050 h— u £ C039_4sm9
VA2 a VA/ 2 a
_ m ) 4c0s0 _ m 4sin @
S—S§ > sin@+ h — s5 | cos@—
VA 2 a VA/ 2 a
S—>7'r” m, sin0+20039 h— 'z L cosH—zsmH
Vv 2 a VA/ 2 a
_ m ) 2c0s6@ _ m 2sin @
S—>cC c_1sind+ h—cC €| cosf—
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2 2
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Higgs Decays:

o Because of Flavor dependence of
the Yukawa couplings of s° and
mixing, BR for H to various final
states is altered substantially.

o BR figures for 6=0°, 20°, 26°, 40°
o For 8=0°, BR’s are the same as in
the SM

O
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h—2x for 8=0°

Higgs Branching Ratios in Model, 6=0

1r | |
| h->bh ———
h->cC. zcrmmse---
0.1 __
i) [
IS
nd
o
=
=
o
c
g
m
0oLk 2V U |
0.001 |
1000

mp, (GeV)
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h—2x for 0=20°

Higgs Branching Ratios in Model, 6=20

01f T h->Zy

Branching Ratio

0.01 |-

0.001 :
1000

my, (GeV)
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h—2x for 0=26°

Higgs Branching Ratios in Model, 6=26

0.1 __’ """""""" ‘ """""""""""""""""""""""""""""""""""""""""""" h->Z'Y

Branching Ratio

0.01 _H'j"""* """"" I,I """""" 'j\;' """"""""" “. """"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" -]

0.001 L :
1000

my, (GeV)
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h—yy mode

o For 6=20° and 26°, gg, yy BR's enhanced
substantially compared to SM

o The effect is most dramatic for 8=26°

o For a light Higgs, m,~115 GeV, the
usually dominant bb mode is highly
suppressed

o yy mode is enhanced by a factor of 10
compared to SM

o Potential discovery of the Higgs via this
mode at the LHC
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h—WW mode

o In SM, h—bb and h—-=WW™ crossover
occurs at my~135 GeV

o In our model for 8=20° (for
example) this crossover takes place
sooner (~110 GeV).

o As a result, Tevatron experiments
will be more sensitive to a lower
mass range of Higgs than in SM
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h—ZZ mode

o For m,>200 GeV the golden mode
of discovery is h—Z27

o In our model, h and s both decay
via this mode with substantial BR's

o As a result it will be hard to tell
whether we are seeing h or s

o Accurate measurement of *BR will
be needed to tell

Pg. 29



Prediction for rare decays

ORare top decays
o t - ch, BR~103for m~150 GeV
o BRfor SM~ 1014

with 6, .,5,~800 fb, this decay will be
observable, and can be a significant mode
for Higgs production.

0 Rare B decays

o B,> MM ,BR~ 109
o  Current limit from Tevatron: BR <4.5 x 10-8



Production and Decay of Heavy Vector-
Like Fermions

o Our framework requires heavy vector-like
quarks and leptons: Q;, Qg, U, Ug, D,
Dr, E,, Er, at the TeV scale

o At LHC, 6qq-par ~60 fb for mg=1 TeV

o We need several such vector-like quarks
O Giotgl ~ fEW hundred fb

o0 Q —gs, Q —»gh, h »-Z2Z,s -ZZ or 2'Z’

o Signal: 2 high pT jets + 4Z or 4Z’ bosons
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TeV Completion (2 Generation)

o Symmetries: SM + U(1)s+U(1)
U(1)s is local, broken at EW scale, <S>
U(1): broken at TeV scale, <F>. This global
Symmetry is also broken softly by the Higgs pot.
3 Generation model adds 3 U(1):

O
o All other quarks carry U(1): charges

o Heavy vector-like quarks are introduced:

QiL,Rl DiL,RI UiL,R

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

Field U@), U@, U@, Field U@, U@L, UQ),

H 1/2 0 0 Q. 1/6 -1 3

S 0 1 0 Qe 1/6 -1 2

F 0 0 1 Q. 1/6 2

OsL 1/6 0 0 Q4R 1/6 1

d,. 1/6 0 2 U, 2/3 1 0

Ugp 2/3 0 0 U, 2/3 1

U,pn 2/3 0 3 U,  2/3 -1 3

d,, -1/3 0 -1 U,, 2/3 -1 3
d,, -1/3 0 3 D, -13 -1 -1
Q, 1/6 -1 -1 D, -1/3 -1 -1
Q. 1/6 -1 D, -1/3 2 3
Q, 1/6 1 1 D,, -1/3 2 2
QzR 1/6 D3L,R _1/3 1 3
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UV Completion

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

LY — flq—BLu3RH
+ fZC—I3LQ1RS + f3D1Ld3RST + f4q2LQ2RST + f5UlLu3RS
+ £, Q.S+ f.U, u,.S"+ f.D, d,.S +hc.

f’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.

OO O O O
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UV Completion

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

L, = f,0,.Q, F + f,,Q, DigH + f,0,:Q, F + f,Q, U, H +
f,0,.U, F+f,0,.0, F' + .0, U,.H + f,,0,,Q,,S" +
f.Q, Q,rS + f,Q,:Q, F' + f,,Q, D,oH + f,,D,:D, F' +
f,,D,, D,;S + MD,.D,, + MD,, D, + MU, U,, +h..

Pg. 35



UV Completion

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

qu_BLQlRS + fQCjZLRQlLF + flo(le DlRH + MElR DlL + f351Ld3RST

S F H

| | | st
\ \ \ \
+ + + +
| fo L fo I fio L f3
¢ . N —

3L Qir Qir Dir Dy,

. FYS'S).
=L =f,f,f, fm[M )( i }qudSRH +h..

Similarly for other interactions

d3p
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More on model building

Effective Lagrangians

o Restrict mass terms of the same order to have the same higher
dimensional coefficient

a 24 possible Lagrangians for the Yukawa couplings

LY = hilgpqupsH
HTH LY ST Ml )
* ( M2 ) ( M? ) (h?ﬁadﬁaﬁ_ + iy raupeH + - )
HTH g 1 Mg
" ( M2 ) (W) (hE TpadraH + 13 TrodpaH + )

HEEAN™ ¢ gtgy ™ )
i ( M2 ) (ME) (h:“lﬁLlumH + hi'Tradr H + - )

+ h.e.

in

in

B+ =i



More on model building

Higgs Decay (h — bb)

@ SM low mass range (90-125 GeV) dominated by = — bb

# Branching ratio almost 100%
» Difficult to distinguish from QCD background

o In 12 of the 24 models (with 575 in the Lagrangian)
hi (o cosf — 2sind)ea /2
e |f @~ 07; Higgs decays almost indistinguishable from 5M

e If @ e 26°%, o~ 1; coupling is reduced
* f — =~ signal enhanced ~ 10 times



More on model building

Higgs Decay (h — bb)

@ SM low mass range (90-125 GeV) dominated by fo — bh

# Branching ratio almost 100%
e Difficult to distinguish from QCD background

@ In the other 12 models (with HTH in the Lagrangian)
et cosd
e i — vy signal mostly unchanged.

» fi — bb signal enhanced by Dcos® 8
* FRelative signal of «y mode is reduced by a factor of 9



More on model building

Flavor Changing Neutral Currents

o t = cH is controlled by STS or HTH

St B 2ae sin g HYH : h3*2e cos bl
o t =5 is controlled by STS or HTH

St B V206 cos bl H1H : h/26% sinf

@ In all models, the coupling is proportional to €242

» The BR is enhanced ~ & x 107%
» SM BR~ 10714



Conclusions

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

S also acts a messenger for EW symmetry
breaking
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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