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Exotics group

‣5 meetings between November 2005 and March 2007

‣Non-supersymmetric models beyond SM 
• 20  contributions,

• Both theoretical and phenomenological studies,

• ~50 pages  for the yellow report
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contributors

‣ Thank you to all ..
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G. Moreau10, E. Özcan11, Z. Roupas5, G. Servant12,13 S. Sultansoy14,9 , J. Tseng4, G. Ünel12,15,∗, M.
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Motivations
‣SM is like your old car:  you know it has problems!

•Hierarchy problem: δH ~ MH

•Non-unification for EW and Strong Forces

•Seemingly arbitrary fermion mass & mixings

•Unknown source of baryogenesis

‣LHC is to start soon:

•at the end of 2007 √s=0.9 TeV

• In 2008 LHC will provide  √s=14 TeV,

• few years at 10 fb-1 /yr: low luminosity

• then 100 fb/yr : nominal or design luminosity

‣What flavour physics can be done at this new era?
•What are the extensions to SM?
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“Exotic” models
‣A brief summary of popular models:

•Grand Unified Theories: 

- SM  gauge group is embedded into a larger one like SO(10), to unify 
EW and QCD. 

- additional fermions and bosons predicted.

• Little Higgs models:

- spontaneously broken global symmetry to impose a cut-off ~10 TeV.

- additional bosons and quarks introduced to cure the hierarchy 
problem.

• Extra Dimensions:

- Low Planck scale in d dimensional theory solves the hierarchy 
problem between EW and Gravitational couplings.

- Excitations of SM bosons and fermions are predicted. 

‣These models do not exclude supersymmetry.
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2. Searches for quarks
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2.2. iso-doublet quarks
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1. Searches for scalars

‣2HDM
•A 2nd Higgs doublet to induce baryogenesis

•CPV H can be searched via top quarks (see top sub-group report)

‣Little Higgs
•A Higgs triplet to cancel its own loop contribution to mH

•Higgs correction is small, new Higgs might be inaccessible 

‣Babu-Zee model
•Two new scalars to induce the νmasses at 2-loop level.

•New scalars can be accessible at the LHC
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Relevant Models



1.1 Babu-Zee model
‣h+ and k++, couple to leptons, give 
Majorana νmass. 

‣ν data predicts Mh,k ~O(0.1 - 1.0 TeV)

‣Signature:
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Aristizabal-Sierra

excluded by
µ→ eγ τ → 3µ

BR(k→hh) model dependent
values [0.1 - 0.8] scanned
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hk±± → h±h±
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2. Searches for quarks

‣Iso-singlets predicted in 
•GUTs, Little Higgs,EDs

•W,Z,H vertex modified

•γ,g vertex same as SM

‣Iso-doublets: the 4th SM-like family
•not yet ruled out for mν > mZ/2

‣Extra Dimensions
•KK excitations of known quarks

•additional quarks with Q= 1/3, 2/3, 5/3 
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Relevant Models
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classification
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-1/3
E6,         
D

4th Fam, 
d4/b′

2/3
LH,         
T

4th Fam* 
u4

5/3 EDs, 

singlet doublet
I3=0 I3=±1/2

Qe

Qe = I3+½Y 

*LHC relevant material is also in ATLAS TDR

gV = I3-2sin2θw 
gA = I3 



2.1 Iso-singlets Q=−1/3
‣E6 model introduces new particles: 

•one iso-singlet quark per family :
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Mehdiyev, Sultansoy, Unel, Yilmaz 

SUC(3) × SUW (2) × UY (1) ⊂ E6

(
uL
dL

)
,uR,dR,DL,DR

(
cL
sL

)
,cR,sR,SL,SR

(
tL
bL

)
, tR,bR,BL,BR

Assumptions:
1. In-family mixing bigger than between family mixing
2. D quark is the lightest, like SM: most accessible in LHC
3. E6 gauge bosons heavy & don’t interact w/ SM bosons

D → Zd D →Wu
if there is no Higgs66%33%BR

50%25% if Higgs is light



Discovery for Q=−1/3
‣uses pp→DD pair production

• independent of d-D mixing angle
•with both the D→Zd and  Z decays leptonically (e,μ)
•signal is 4 leptons + 2 jets

‣ATLAS FastMC based study with simple cuts
‣mD scan up to 1.2 TeV, channel efficient up to ~1TeV
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Mehdiyev, Sultansoy, Unel, Yilmaz 

high event yield 
for low masses
mD = 600 GeV
∫Lumi =100 fb-1

optimized cuts 
for high masses
mD=1TeV
∫Lumi =100 fb-1



D quark mass reach
‣Estimation for other D mass values using only D→Zd 
channel 

‣1fb-1

•3σ : mD~500 GeV

•5σ : mD~350 GeV

‣10fb-1

•3σ : mD~750 GeV

•5σ : mD~650 GeV

‣100fb-1

•3σ : mD~940 GeV

•5σ : mD~1050 GeV
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D quark discovery reach
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Mixing for Q=−1/3
‣Jet associated single production & decay

•pp→jD→jjZ   where leptonic Z decays are considered

‣production σ ~ (sinΦ)2, where Φ=d-D mixing angle
•good for measuring sinΦ

‣generator level study with cuts
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Sultansoy, Unel, Yilmaz 
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• 3σ signals can be rescaled for different sinΦ 
values at any mass
• 30, 100, 300 & 1000 fb-1 reach limits are given

• with 300 fb-1 current mixing limits could be 
enhanced 2 times

angular reach for mD
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Higgs searches & Q=−1/3

•5σ Higgs discovery in 
DD→Whjj channel can 
be made using 100 fb-1 if 
mD <700 GeV

• If mD<630 GeV, this 
channel becomes as 
efficient as h→γγ .                   
(i.e. 8σ in 100 fb-1)
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mD = 250 GeV

mH = 120 GeV

Sultansoy, Unel

D1 D2 BR expected final state
D → h j D → h j 0.029 (0.053) 2j 4jb

D → h j D → Z j 0.092 (0.120) 2j 2jb 2l
D → h j D →W j 0.190 (0.235) 2j 2jb l ET,miss

•d-D mixing leads to dDh vertex at tree level
•this can be exploited for a double discovery: light H & D
•pair production mode considered for ATLAS using FastMC
• mD =250 -1000 GeV range scanned

∫Lumi =10 fb-1

mD=250 (500) GeV

example:

mD



Q=2/3  Iso-singlets: discovery
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Aguilar-Saavedra

‣Up type quark T, predicted by LH & GUT models

‣T decays via W,Z & H (BR similar to -1/3 quark) to b and t quarks.

‣ pair production considered with all decay modes with at least 1 W 
decaying leptonically

‣ATLAS FastMC based study for mT = 1 TeV and light Higgs

‣main background from tt only

TT decay signature

WbWb lνbb jj

WbHt lνbbbb jj

WbZt lνbb jjjj



5σ reach for T mass 
‣TT & Tj used for ∫L=300 fb-1 data for only T→Wb

•σTj ~ |VTb|2  where VTb ~ O(mt/mT)
•background tt only 
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up to 1.1 TeV using TT

above this 
curve 

using Tj

upper bound from 
EW precision data, 

T parameter



T quark and the Higgs
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‣ For a light Higgs  T quark’s decays provide a large σ enhancement.
‣ pair production study with pythia using signals: 
‣main background tt & tt nj where n=1,2,3,4,5. 

T T̄ →WbHt

T T̄ → HtHt

T T̄ → HtZt

! ν ≥ 4bj 2j

example at mT=500 GeV, MH=115 GeV,  ∫L=30 fb-1 

expected signature:

log likelihood 
for 4b case

Aguilar-Saavedra

#bj significance

4 6.43
5 6.02
6 5.63

combined 10.45

Higgs signal



0 200 400 600 800 1000 1200 1400 1600 1800 20000

0.01

0.02

0.03

0.04

0.05

0.06

T
 E!
signal
background

 [GeV]T E"

en
tri

es
/(2

0 
G

eV
)

bg from tt and ttH events

singlets from EDs
‣RS model with extended EW gauge group 

‣additional symmetries allows quarks m~O(100)GeV w/ Q=-1/3, 2/3, 5/3
• q: KK excitation of b with BR(q→W t)~50% for mH~300GeV

‣Focus on qq pair prod.: 2x(q→Wt)→4W 2b
• pythia level study w/ at least 1 W decaying leptonically

• main SM background has 2 W

• mq=500 GeV  & mH=300 GeV
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Dennis, Servant, Tseng, Karagoz-Unel
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2.2 Iso-doublets
‣a 4th family with heavy quarks and leptons (>200GeV)

‣could explain the observed fermion mixing & mass 
values, CP violation in b-s transitions

•not yet ruled out experimentally

‣Study of channels of interest for new quark
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Hou

mixing pair prod. signal comment

b′→c/u W cc/uu WW see next slide

b′→cW , bZ/H cbWZ/H FCNC, could get H as a bonus

b′→tW ttWW or bb4W same signal as ED KK quarks

b′→tW , bZ/H bb WW Z/H b-jet to distinguish from row 2 



Mq4 (GeV) 250 500 750

Γ (MeV) 0.01 0.08 0.28
σ (pb) 99.8 2.59 0.25

‣pair production of the quarks: d4 , u4

• mu4 ~ md4 from DMM approach

‣scenario with mixing to 1st or 2nd generations,
•pp→d4d4 /u4u4→W W j j 

- one W decays via e/μ the other via non-b jets: e/μ+4j+ETmiss 

‣ATLAS fastMC study scanning m= 250 - 750 GeV
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Ozcan, Sultansoy, Unel

4th family - discovery

mq = 250 GeV
∫L=1fb-1

s/√b ~ 120

width and σpair production



4th family & intermezzo

‣quark searches seem promising in LHC;
•Still unexplored channels, unconsidered models, omitted 
backgrounds & ongoing collaborative work.

‣what about new leptons & vector bosons? see part 2.. 
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High mass also seems to be feasible:
mq = 750 GeV &  ∫L=5fb-1

s/√b ~ 5

Mq (GeV) 250 500 750

∫ L (fb-1) 0.002 1.95 5

Necessary ∫Luminosity for 5σ signal



Backup slides
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THANK YOU FOR YOUR ATTENTION.

QUESTIONS ?



D quark pair production
24Figure 2: The isosinglet quark pair production Feynman diagrams
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Table 1: The possible signal channels. The fourth column contains the branching ratios of the SM particles, whereas the

last column has the total branching ratios.

DD̄ → Final State Expected Signal Decay B.R. Total B.R.

Z Z d d̄ Z → ll̄ Z → ll̄ 4 l + 2 jet 0.07 × 0.07 0.0005

0.33 × 0.33 Z → ll̄ Z → vv 2 l + 2 jet + E/T 2 × 0.07 × 0.2 0.0028

Z → ll̄ Z → qq̄ 2 l + 4 jet 2 × 0.07 × 0.7 0.0107

Z W d u Z → ll̄ W → lv̄ 3 l + 2 jet + E/T 0.07 × 0.21 0.0065

2 × 0.33 × 0.67 Z → ll̄ W → qq̄ 2 l + 4 jet 0.07 × 0.68 0.0211

cross section is shown in Fig. 3. We observe a good agreement between the two generators, the first one, based on full

matrix element calculation and other on numerical methods. For example atm D = 800 GeV, the cross section values for
obtaining two jets and two Z bosons are 450 (CompHep, CTEQ6L), 461 (CompHep, CTEQ5M) and 459 (MadGraph,

CTEQ5L) fb with an error of about one percent.

The isosinglet quarks being heavy are expected to immediately decay into SM particles. The possible decay channels

for the D quark pairs are summarized in Table 1. We have initially focused on the 4 lepton final states of the neutral

channel only: although it has the smallest branching factor, the possibility of reconstructing the Z boson invariant mass

makes it favorable for a feasibility study. Therefore the final state we would be looking for is composed of two high

transverse momenta jets and two Z bosons, all coming from the decay of the D quarks. The high transverse momentum

of the jets coming from the D quark decays can be used to distinguish the signal events from the background. As for the

backgrounds, all the SM processes yielding two jets and two Z bosons are considered. The simple requirements imposed

at the generator level are:

|ηp| < 2.5 , (4)

PT,p > 100 GeV ,

Rpp > 0.4 ,

|ηZ | < 5.0

where R is the cone separation angle between two partons (p =d,d). Selection of eta region is driven by partonic spectra
pseudorapitidy distributions, which are peaked in the barrel detector area. The effective cross section for different P T,p

cuts is shown in Fig. 4. The signal cross section was calculated in both generators as a function of D quark mass, but

the background only in Madgraph as the latter is faster in numerical evaluation. Form D = 800 GeV, using the generator
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Single D quark production
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Figure 1: Cross section in single D production as a function of D quark mass for different sin φ values.
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Figure 2: The main tree level signal processes
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•Decays involving Z would be easiest to reconstruct:

➡mD = 400 ... 2000 GeV cases are considered using generator 
level MC (CompHEP) with 2j+Z as the signal (sinΦ=0.045)

‣All SM processes yielding 2j+Z are also considered as 
background events where j can be any light jet. 



is 4th SM family Possible?
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Precision EW data 
consistent with 
fourth generation 
with a heavy 
neutrino.
Example exclusion plot from 
Novikov, Okun, Rozanov, 
Vysotsky, PLB 529, 2002, for:

Md4 = 200 GeV
Mu4 = 220 GeV
Me4 = 100 GeV

Number of extra generations

M
ν4

 (G
eV

)

ad ≈ au ≈ a! ≈ aν ≈ a

e = gW sin θW < a/
√

(2) < gZ = gW / cos θW

At the minimum, 
χ2 /#d.o.f. = 21.6/12, Ng=1.4, 
Mv4= 50 GeV, MH= 116 GeV.


