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 Why the fourth generation?
— Flavor Physics

— The fourth generation is not excluded by EWK precision
data

— New CP source for Baryogenesis

e Results from other experiments
e Results from CMS
* Summary
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4th Generation (SM4)

« SM4 is a simple extension of SM3 = SU(3)xSU(2) xU(1)

« It could explain some observed discrepancies

4 generation Cabibbo-Kobayashi-Maskawa Matrix
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4th Generation and Flavor Physics

Mixing phase
—>Z;<|J; Bs -> J/lp ¢
u http://Ihcb-public.web.cern.ch/lhcb-public
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Nature 452, 332(2008) ¢s7v® (rad)
AA= AK;H() —AKi - =10.1641+0.037 ¢,=0.03 +0.16 £ 0.07

Since t-quark is non-decoupled, introducing t’ in bcZ penguin for B*-> Kn®and in
the box diagram for B mixing brings in new CPV phase via V:Vt.b = rse“bs
S
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4th Generation and Flavor Physics
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4th Generation and EWK precision data

Gk, T¢, 215,71 * Constraints from electroweak

precision data require small oblique
corrections: AS, AT, AU

>
y * If SM4 exists, expects small mass
i spllthn%,between 4-th generation
3 t andb :

. + Img—my| <my,

0100 200 300 400 500 600 700

(m, +m,)/2 [GeV] ° my and m,,

G. Kribs, T. Plehn, M. Spannowsky, T. Tait ~ 3 few hundr V
PRD 76 (2007) 075016 a few hundreds Ge

6 uly 2010_ - m,. ='158Gev

(s)
Aoy g =

5_ .'. — 0.02758+0.00035 i i b_q l:jar:k AFB ShOWS ~ 2-6 0
J Wi ] deviation

% 3 . )

. * Tension could be resolved by
2- . introducing quarks with non-V-

A couplings (Vector Like
quarkS).
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30 100 300
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Baryogenesis with 4 Generations

 SM3 falls short of the needed level of baryogenesis by at least 10 orders of
magnitude

* With four generations, one can construct 3 independent CP odd Jarlskog
invariant, one of which is proportional to two of the bigger masses

J .. = 2(’";2' — mt2 )(mf, — mc2 )(mt2 — mc2 )(m]f, — mlf )(m,f, — ms2 )(m]f — msz)A

234 234

From the heavy mass dependence (m, , m,, ~ 300 to 600 GeV), there is a
huge gain over the single three generation invariant:

J234 ) 1015—17 From David Atwood, DPF2011
J

* Baryogenesis now becomes possible [George W. S. Hou 2008]

* One advantage of this kind of model over CPV from random new physics is
that fermion edm’s are naturally small.
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Search for t't": t'->Wq, Wb

Main Decay Modes:

« t'->Wb, Wq
B(t'—> Wq) . B->tW, Wg
- 11 _ '0.l8' ‘ '0.16' | .0'14, | '0.12' 0 0
z | O (1,1)  Search for:
TO8 v wy v > wwwp 0.2 . Q->Wq, Wb, tW=WWh, tZ=WhZ
g _ v = W dad bl _ » Similar to top quark production
0.61 104 - and decay
I | Ty
0.4 106 2
L =Wy v—=WWqg 1 =  Search Strateqy:
- b= Wy bV —-Wqg
0.2 10.8 ,T  Reconstruct mass of the top (t’)
- (0,0) Lo | = quark
b0z 04 06 08 1'% + HyandS; (in coming slides)
B(t’—> Wb’)
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Constraints by experiments

* Constraints on the pair produced b’ mass:

— my > m,+m,, favored, and limit m_ > 338GeV

CDF ‘Search for New Bottomlike Quark Pair Decays QQ - (tW )(tW ) in Same-Charge Dilepton Events’,
Phys. Rev. Lett. 104 (2010) 091801

— m,. > 385GeV direct search: vy — Wtwi -+ WWbWWb — tvgq'baq'qq'b
CDF Phys. Rev. Lett. 106, 141803 (2011)

e Constraints on the pair produced t’ mass:
— m, > 358GeV direct search

CDF arXiv:1107.3875(submitted to PRL), DO arXiv:1104.4522)

* my - m, <50GeV from precision electroweak measurements
Kribs, PRD 76 075016 (2007) Eberhardt, Lenz, Rohrwild, PRD 82 095006 (2010)

Mg, > 270 dilepton + jets (L=37 pb)

ATLAS: ATL-PHYS-SLIDE-2011-223
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Searches for 4t generation quark at CMS

| I | | | | 1 |
Oom im m im am 5m 6m /m
Key:
Muon
Electron

Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon
Tracker

\ Electromagnetic
) ‘ ’l Calorimeter
o’

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed

Transverse slice with Muon chambers

through CMS
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Relevant final states

* b'b’ - tWtW - bWWbWW

— 4 or 6 Jetsfrom 1or2 W —qqincluding 2 b-jets

— Ws decay to two same sign charged leptons or three isolated
leptons (i.e. dilepton and trilepton - has small SM background
and large B.R.)

e T'T'" - tZtZ - bbWWZ7Z

— 22 Jetsfrom W —qq, Z 2>qq including 2 b-jets

— Z - I*I" and one W decays to isolated lepton i.e. trilepton decay
 t't" >bbWW:

— one W decays leptonically, the other hadronically i.e. 4 jets
including 2 b jets + 1 visible lepton

— two W decays leptonically, 2 b jets + 2 visible lepton
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
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Search for b’'b’ > tWtW—-> bWWbWW

Selection

* At least one good interaction vertex
* Nf(jets)>=4(6) with p;> 25, |n|<2.5 ’
* Zevents are suppressed by requiring |M,,— M,| < 10 GeV/c?
. . . . . q , q q
* Events with Njets < 4 (2) are rejected for the same-sign dilepton ‘ ’
(trilepton) channel.
* At least one b-jet
CMS 2011 Preliminary 1.14 fb" CMS 2011 Preliminary 1.14 fb" PAS EXQ-11-036
2 ® data 1 M,, 400 GeV/c? ] £ F ® data 1 M, 400 GeV/c?
S r Bl B ti+W(2) 1 & r Bl B ti+W(2)
S | [ Single-top B W—v | > B [ Single-top B W—
L 10 E s?ng-:ilgn dileptorIl:I dibosen 3 L 10° 3 trTepzt;ll;r ) diboson E
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Search for b’'b’ - tWtW

* For each event, the scalar quantity, S; is determined

S, = E pr(jets) +E Pr (leptons) +ET PAS EXO-11-036
* Require S;>500 GeV

3 CMS 2011 Preliminary 1.14 fb’ CMS 2011 Preliminary 1.14 fb’'
S10°F ¢ o ] M, 400 GeV/c? > [ e data 1 M, 400 GeV/c?
I mmg B W (2) O f mmg B W (2)
O | mmsingletop @@ W—h G [ mmsingletop E@W-h
o, Ay [ diboson O, WEBz-rT [ diboson |
8 10°F  same-sign dilepton 3 8 10 E trilepton
S~ - S~ E
2 I 2 0
o 10F T 4 § 10 E
> - ' > =
TR mf |
- u I
10" 3 E 10 3 E
o .I...I...I.: L .I...I...I...I..I.:
200 400 600 80010001200140016001800 200 400 600 80010001200140016001800
S; [GeV] S; [GeV]
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Search for b’'b’ - tWtW

For each m,, hypothesis, selection
efficiencies and associated
uncertainties are estimated

Upper limits on b’b’ cross
sections at the 95% CL are derived
using Bayesian method with a log-
normal prior for the integration
over the nuisance parameters.

o(pp — bb') [pb]

10"

CMS 2011 Preliminary

PAS EXO-11-036

1.14fb'\s =7 TeV

1 T Tal TTTT
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Limit at 95% CL: M,, > 495 GeV/c>
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— |
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Comparing with NLO production cross
sections, m,, < 495 GeV/c? is excluded.
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Vector-like quark T°

* No FCNC-suppression opens new decay modes, e.g. T ->tH, T ->tZ

* (Can have production cross section enhanced due to different couplings
to gauge bosons

P —— [ ——
:‘.1 Example: | i
%) [ S. Martin 7))
0.8f . .
% ! arXiV:0910.2732 % 0.8
T 06l “ 0.6
209 pos|
= . = |
O [ S
50.4_ 50.4_
m i m
= 02r 5 0.2
-J.lA.l.ll.l.ll,1,1...‘11.,l- l|||1|.
0 300 400 500 600 700 800 0 300 400 500 600 700 800
m,, [GeV] m_, [GeV]
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Search for T'T' = tZtZ

See Yeng-Ming Tzeng talk for details PAS EXO-11°:005
o 2011 cnlns 191pb'1\|/§=7TeV
- | | -

S [ * data [ M(T) 350GeV/c?

81 0%kE tt+W/Z+jets W,Z+jets/diboson
o [ tt+jets CMS Preliminary 1
q © T : I
» 10E £ i i E

2 5/;_;/:@%’ Signal Region

10" -
Selection and Method 10° |
0 100 200 300 _ 400
At least one good interaction vertex Residual S, [GeV/c]
p(e)>20GeV, p;(n)>15GeV, AR(e,u)>0.1 --
N >= 2 with p> 25, In|<2.4, AR(l,jets)>0.4 (est?rrl:g:ced) N
N(lep) = 3, Z, (60GeV~120GeV) ot ;

residual St = Z pr(jet;) + Z pt(lepton,),
S.>80GeV 7172 712
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Search for T'T' = tZtZ

See Yeng-Ming Tzeng talk for details

PAS EXO-11-005

CMS 191 pb* \s =7 TeV
[ L DL IR I

o [ .
& _,~'~, :
Exclusion limit E ol Limit at 95% CL: My > 417 GeV/c* |
«  Use Bayesian statistics to 1 - B ~'~’*f~,~,
compute observed limit at Q L~ B expected Bitnit
O | SN U"ttteeeeanli e pectedlimit
95% CL and compare it with Y 1F = fVL\' - -
NLO x-sec - ’6 0, SQ;"M, observed limit -
i o V(Eé"’*w,. ]
| Pgera'~,. .
10" | CMS Preliminary Ca(;Z
AT TSN A S S SN ST ST ST S S S ST S S TN NSRS S
250 300 350 400 450 500 550
M, [GeV/c?]

Comparing with NLO production cross
sections, M;< 417 GeV/c? is excluded.
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Search for t't

"= bWbW —blvbqgq

PAS EXO-11-051

Selection

At least one good interaction vertex

Electron p;>30/35/45 GeV to match
the trigger threshold, Muon p;>35
GeV, |n|<2.1(2.5) for pu(e)

E,Mis5>20 GeV

At least 4 jets with p;>120,
90,35,35GeV, |n|<2.4, AR(l,jets)>0.3

>1bjet

9/22/11

Mass Reconstruction

Known measurements:

— Lepton p;

— Neutrino p; (E, ™)

— letp;
Unknown:

— Z-component of neutrino
Constrains

- M(lv)=m(aqq)=M,,

—  M(lvb) =m(qgb) =M
Possible jet combinations

no of jets combinations

4 12
5 60
6 180

Minimize the x%for each combination,

— e+ jets: try all 4-jet combs out of the leading 5 jets
— MW+ jets: use 4 leading jets. If 5th jet has highest b-

tagging discriminant use it instead of 4th jet

Using kinematic fit the fitted mass, mg, is

reconstructed

BSM: Results with 7TeV LHC Collison Data
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Search for t't

Construct myand H

"> bWbW - blvbgqg

;= E pr(jets) +E pr(leptons) +E,
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Search for t't

data

9/22/11

"= bWbW - blvbqq

* Statistical analysis of the 2D distribution of mg, and H, is
used to test for the presence of t't’ production in the

CMS preliminary 573 pb™

- e+jets

- iy = ™

A

ok

B - data
200 400 600 800

mg, [GeV]

CMS simulation

- etjets

_ —ow, TR

L= W+jets
2000 400 600 800

m, [GeV]

___CMS simulation_

PAS EXO-11-051

e+jets

tt productlon

400 600 800
mg, [GeV]
___CMS simulation L
etjets
t't' 400 GeV
‘2000 400 600 800 .
mg, [GeV]



Search for t't’" - bWbW - blvbqq

In limit calculation, use two hypothesis

— Background only hypothesis, minimize w.r.t nuisance parameters
— Signal + background hypothesis, minimize w.r.t signal cross-section
— Test statistics, L= L, /L,

95% CL upper limit for the signal cross section is the value of o for
which C = CL,,,/CL, =0.05

PAS EXO-11-051

CL.. e+jets (573pb ') utiets (821pb
1 |

. . . 95% axpected
Exclusion limits on m,. at 95% CL » B 3% expected

CMS preliminary

Ipb]

median expeciad
2 = 955% obsearved

expectation observed

u+jets <435 GeV <420 GeV
etjets <425 GeV <430 GeV

o
CTHEQIY

combine <450 GeV

$s0 200 250
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Search for t't

Motivation

- mtr< mbl

favored
Selection

— At least one good interaction

vertex
— p+(e, n)>20GeV

— Zveto: Event are removed if

m,<m,

76GeV < M, <106 GeV

— Nf(jets)>= 2 with p;> 30, |n|<2.5

— 2 b-tag jets
— E;Mss>30GeV

9/22/11

"> bWbW - blvblv

e Variables

— Mass of one pair of
leptons and jets:M,,,
and mass of second pair
of leptons and jets:
M,,, from t/t' or t/t' decay

PAS EXO-11-050

P a

o o

o o
T T T

Generated M,,, (GeV/c?)

CMS Simulation
— tT (M =350 GeV/c’) _|

400 500
(GeV/c?)

200
Generated M

300
11b1

Reconstructed M, (GeV/c?)

[¢)]
o
o

N
o
o

w
o
o

N
o
o

-
o
o

o

\\\\\\\\\\\\

. ——tF (M,=350 GeV/c) |

B

CMS Simulation

1 00 200

300
Reconstructed M

400

by (GEV/C?)

Signal Region = M,;,,;, M,;,;> 170 GeV/c?
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Search for t't

"> bWbW = blvblv

Sample Yield Prediction source
tF— 00~ 1.35 £ 0.67 Data
Fake leptons 0.0723 Data
DY—ete orptu | 0. 07*8 ég Data
DY— 177~ 0.11 +£0.11 Simulation
Di-boson 0.02 £ 0.02 Simulation
Single top 0.07 £ 0.04 Simulation
A +0.80
Total prediction 1.627 5,
Data 1
@ e e M A = @ B L o e Sy
S | CMS Preliminary e Data ] S CMS Preliminary e Data ]
=> 1.14 fb™ at \s=7 TeV ) = | 1.14fb"at \s=7 TeV o
w 10? E  Events with ee/uwen . tt (dileptonic) W 10%: Events with ee/uu/eu . tt (dileptonic)
E |:| Other backgrounds |:| Other backgrounds
10 . |:| t't', Mr=350 GeV/c 10 B D‘,‘,’ M',=350 GeV/c
E Signal Region Signal Region

100 200 2 300
M, (GeV/c®) for M

400 500
,>170 GeV/c?

PAS EXO-11-050

10"

Scaled to match
estimation from
the data control
regions

102

L ‘ L
0 400

L L L ‘ 1
100 200 300
My, (GeV/c?) for M

Only one event is

observed in signal region

9/22/11
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Search for t't

PAS EXO-11-050

"> bWbW - blvblv

o) T T T T T T T T T T
o i CMS Preliminary 1.14 fb'\'s=7 TeV |
= e NLO Theory
/l\ 10 e 95% CL_ Expected Limits
a - = 95% CL Observed Limits -
T e N CL, =10 ]
Exclusion limits on m, at 95% CL o I cL, = 2 _
expectation observed 1 —
combine <425 GeV <422 GeV . ]
10-1 :_ | | | _:
400 500 600
(GeV/c?)
My 350 GeV/cZ 400 GeV/cZ 450 GeV/cZ 500 GeV/cZ 550 GeV/cZ 600 GeV/c?
Theory (pb) 2.940 1.301 0.617 0.310 0.162 0.088
Expected (pb) 1.517 1.103 0.888 0.728 0.662 0.628
Observed (pb) 1.406 1.022 0.823 0.675 0.613 0.582

9/22/11
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Summary

* Presented the results for the 4th Generation quark
searches at CMS

Search Excluded region@95%CL

b'b’ - tWtW - bWWbWW m, < 495GeV
T'T' > tZtZ > bbWWzz M; < 417GeV
t't’ >bbWW (l+jets) m, < 450GeV
t't’ >bbWW (dilepton + jets) m, < 422GeV

e Stay tuned!
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EWK Precision Fit

0.4

c
I
o

0.3
0.2

0.1— m, =115 Gevf,,-";,:"

_ﬂ."l i /
m, = 200 GeV

-0.2 m, = 300 GeV

m, =1 TeV

T
RBRERERRE R RN AR L A

| | | | | | | | | | | | | | | | | | | | | | | | | | |
03 52 0.1 0 0.1 0.2 0.3

S

Graham D. Kribs, Tilman Plehn, Michael Spannowsky and Tim M. P. Tait
Four generations and Higgs physics Phys. Rev. D, 76(7):075016, Oct 2007
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STU Formulism

@ S: sensitive to chirally coupling fermion <= W=, Z and H self
energy diagrams

e T: sensitive to mass splitting <= W= and H self energy diagrams

{ [
1% W Z Z
b [
v v
h
h /7T

ey | ; Rocco Mandrysch.
L W /7 X Z W \ J PHENO2011
N\ \ N\ N ANANNNINNNNN ot "N\N\N\NNNARNNNNN N\
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Mass splitting within a 4th Generation

Contributions to S and T:
(Kribs, Plehn, Spannowsky & Tait, Phys.Rev.D76, 075016, 2007)

@ Additional one loop diagram with 4th gen. particles

Uy d4 U4
1% ‘AMAO/\MM %% Z W’@W Z

my 1. m;
@ ASx [1+In—"]+Nc|1l-3In—=
m2, 3 mj,

@ AT x (Nc\mfl4 — mi\z + \mf4 — m? |2)

V4

@ Nc: color factor
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BY—K*1r - vs Bt—K*mr?

BF20°162/2010-05-26 BSM: Results with 7TeV LHC Collison Data D Tonelli- Fer#Rilab




BY —J/ y¢ - the golden probe

Mixing phase sensitive to NP

Time-evolution: [EBY RS TARTRLN (M

CKM hierarchy predicts 2[3s tiny with ~zero theory error.
Any significant deviation is golden probe for new physics
entering the box.

BF28462—/H)10-05-26 BSM: Results with 7TeV LHC Collison Data D Tonelli Féllmilab




Baryogenesis with 3 Generations

The CPV needed to drive baryogenesis cannot be provided by the SM3, since masses of
the first two generations are small

In quark sector, CPV is contained in the mass matrices
d’ 7 u—
L,=-M,d,d, -M;u u, +h.c

<V>

J2

With 3 generations, a unique CP odd invariant can be constructed from these matrices
and is invariant under field redefinitions (Jarlskog 1987):

J=Im det[MuM;LMdM;] Area of unitarity triangle
— 2(mt2 - mi )(mt2 - mcz)(mf - mj )(mzf - mj )(mlf - mf )(ms2 - mj )A‘/

M = A

Numerically, this quantity is very small:

20
= 10
<V>

SM3 falls short of the needed level of baryogenesis by at least 10 orders of magnitude.
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