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Introduction

» ATLAS and CMS conduct searches for new physics through deviation
of top quark decays from the Standard Model.

» This presentation will show recent results for rare/BSM top quark
decays from ATLAS and CMS, specifically in the search for the

charged Higgs Boson and Flavor Changing Neutral Currents
(FCNCO).

Charged Higgs Boson Rare/BSM Decays: FCNC
Evidence of non-zero branching ratio Evidence of non-zero branching ratio
for t—=H"b for t—q(Z/ v /g) or involving new
particles
ATLAS

H— cs channel ATLAS

H— 7 U channel t—qgZ and gq—t

CMS CMS

H— T L channel T—tZ




Search for the Charged Higgs in Top Decays

» In models with two Higgs
doublet fields:

There are 5 physical Higgs bosons (A, g
H, h, H*")
» Models with charged Higgs
bosons include:

SUSY models such as MSSM and some g
extensions

For a light charged Higgs boson
(H* <m,), some top pairs will
decay to H'bWb



Charged Higgs Decays in the MSSM

» At tree level, the Higgs sector of
the MSSM is described by two

|IBR(H' > ...), tan =35 |

T parameters:

5 : ... the charged Higgs boson mass
10-1;— tan( B), the ratio of the vacuum

- T expectation values.
o— _2‘\% » For tan(B) < I, cs'is an

S H important decay mode
! PSS W S O T . BR(H*—cs) = 40% for m, = 130

’ GeV

» For tan(B)>3,H"— T v
dominates the decays



ATLAS-CONF-201 1-094 Uses 35 pb-'
) Int. Lumi.

Charged Higgs Search: H"—cs

The analysis searches for a final state the same as the "lepton+ijets’
final state of top pair decays.

The charged Higgs boson decays into two light jets

The W boson decays into an electron or muon and neutrino

How is this distinguished
from SM decays?

2-jet mass peaks at H*
mass, not VW mass

Reduced # of events in
"lepton+ijets” states (due to
fully hadronic tt—H*bH"b

decay)




\ Charged Higgs Search: H"—cs

» Event selection for the analysis

Exactly one high P, lepton (electron or muon)
At least 4 high P, jets
High MET ( >20/30 GeV for muon/electron)

M.(e,MET) > 25 GeV for the

> [ L LI BRI I LA ENL I IR LR B
& 35 ATLAS Preliminary , ® Dama0i0
electron channel 0 _ — Background only
30 1 -z ty
-g L=35pb 255 S Signal1~5 0B%ck round
=M, = e
MT(/J ,MET)"'MET > 60 GeV 2 25 BR(t - H'b) = 17%

for the muon channel 20

IIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIIIlIII
IllIIllIIIIllIlIlIlIIIlIIlllIIlIIIlIl

. . 15
At least one identified b- o
jet, using a secondary vertex £ A
I -+1'.' *l--l-l----l-I--A---I-A--l---l-:-l-- -:-:-:- [ -
algorlthm =% 40 80 80 100 120 140 T80
m; [GeV]



Charged Higgs Search: H"—cs

Most background is from SM tt, with Sghurce 1 i ;;Events fsrattsys)
small contributions from single top, W/ > :mne lggn Eligtroon
Z+jets, diboson and QCD multijets. — -
SM1f - W bW™b 15625 106 *16
W/Z + jets 17+6 913
The 2 jets from H* are identified using a Single top 71 5+1
kinematic fitter Diboson 0.30+0.02 | 0.20+0.02
The assignment of reconstructed IMIJCt Lt 03
jets are varied Total Expected (SM) 191+28 1273
The b-jet + W/H systems are B(t —» H™D) = 10% :
constrained to have the measured = HbW"b 204, 142
top quark mass within 0, = 1.5 - WbWb 127 % 8616
GeV Total Expected (8 = 10%) | 18172 120*14
The best combination is found by S —
minimizing a X 2 for each % osf- . Limits at 95% CL: =
assignment. 1 osf ATLAS prtminary [ L35’ o Expected 1o =
T o7 —pemrr R
s 08F arv =
Limits were calculated using CL, 5 05f - Do Cusence E
procedures T odf E
& 03F =
& 02F E
5: 0.1F E




<5 ATLAS-CONF-201 1-094 Uses 1.03 fb!
Int. Lumi.

Charged Higgs Search: H'—= 7T U

» The most recent result for Charged Higgs from ATLAS is
in the channel H*— T L.

» This analysis searches for the "tau+jets” final state.

The H* decays into a hadronically-decaying T lepton
The W boson decays into light quarks

What would give evidence for

BSM physics?
In many scenarios,
BR(H*— 7 v ) = 100%.
An excess in "tau+jets”
events over SM
expectation could
indicate a nonzero
BR(t— H*b)




\ Charged Higgs Search: H'—= 7T U

» Event selection for the analysis
At least four high P, jets
Exactly one high P _hadronic T

No identified electrons or muons
MET > 40 GeV

MET
' 0.5,3E,

MET Significance > 8 GeV'”2

Reconstructed mass of the highest P, combination of qgqb
satisfies 120 GeV < M(qqb) < 240 GeV



Charged Higgs Search: H'—= 7 L

» The final discriminating variable > 25— T T
. . . . O - . ® Data 2011 §
of the analysis, used in the limit g [ ATEASPrelminay = oo
. . ~ 20 B Jetsrmisid ]
setting process, is M4( T ,MET). g _. o :
In the case of the SM background, 3 .. b ElMut-les
this is related to the W boson mass 1. rooH1%0),B=01 7
3 - == H +background )
In the case of the BSM signal, thisis  10i ]
related to the charged Higgs boson JLdt:ma L
mass 5 - -
» Background contributions in the U
. . . 0 a0 RN A

M+( 7 ,MET) distribution are from 0 50 100 150 200 250 300
data-driven methods my [GeV]

Events From:

’ true 7 jets ‘ jet — 7T mis-id ‘ e — T mis-id ‘ multi-jet || expected (sum) ‘ data

m'l->40GeV’ 21 £5 ’ 24+0.7 ‘ 19+0.2 ’ 12+5 ‘ 37+7 ‘43

10




Charged Higgs Search: H'—= 7 L

» Exclusion limits are set on the product of the branching ratios
BR(t — bH+) X BR(H+— T U ), by rejecting the signal hypothesis
at the 95% confidence level applying the CL, procedure.

» Systematic uncertainties in shape and normalisation are
incorporated via nuisance parameters.
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Charged Higgs Search: H'—= 7 L

» Exclusion limits are also set on the m,-tan( 3 ) plane of
the m,-max scenario of the MSSM.

I
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Q.

§ 60 mye - -
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B Expected* 1o / .

50 [ Expected = 26 / —

[ =—@— (Observed Limit / .

- - = Observed,t 10 / 7

40 n theor. uncertainties _ y, —
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20} E
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CMS CMS PAS HIG-11-008 Uses | fb-! Int. Lumi.

Charged Higgs Search: H'—= 7 L

» The CMS search for charged Higgs from top quark decays
focuses on three channels.

» One channel is a decay with an electron, muon, b-jets and
associated neutrinos in the final state.

» In two channels, H* decays into a hadronically-decaying
T lepton. The channels are defined by the W boson decay:

b
» W boson decays into a muon (“ i
+ Z— ”)
» W boson decays into quarks (“fully
hadronic”)

» BSM physics would be indicated
by an excess of events in “H+”
channels or a lack of events in
the SM channel.




CMS

» Event selection

Nevents

Exactly one high Pt
hadronic 7

At least 3 high P, jets

At least one b-tagged jet
No identified leptons (e/ i)
MET > 70 GeV

Charged Higgs Search: H"— © 0,“Fully
Hadronic” Channel

\s = 7TeV 1. 08 fb! CMS Prellmlnary

10°
mHi-120 GeVIc ® Data
107 BR(t—> H'b)=0.2 with H > T v
i kLaa QCD
B W+jets
6
10 B ti+jets

DY+jets

I single t

I Diboson
/4 MC stat. unc.

RTTT IERE AT IR TTIT MR RTTIT M ARRTTIT MR MATIT|




CMS

Charged Higgs Search: H"—= 7 v, “u+1t”
Channel

Vs=7 TeV 1.09 fb CMS Prellmmary

! ! 7
~m,,. = 120 GeV/c?, +data =

; b = with H* = tv3
BR(t - H'b) = 0.2 Qco ]

Il W+jets
Il ti+jets
DY+jets
I Single t
I Diboson

» Event selection 2
Exactly one high P, 2
hadronic T

Exactly one high P, 1

At least 2 high P, jets 10"
At least one b-tagged jet 10°
MET > 40 GeV 10
1
e Q
% T s, e
X\\ /@(
NS
/GQ\



Charged Higgs Search: H*—=t v, “u+t”

and “Fully Hadronic” Channel

» Results for the “Fully Hadronic” Channel

Source Nevents Estat. =syst.
HH+HW, my: = 120 GeV/c?, BR=0.2 121 + 6+39
QCD multi-jets 7.5 £ 0.5 (stat.+syst)
EWK+tt T 71 +=5x16
EWK+tf T fakes 3.5+0.8+1.0
Total expected from the SM 82 £ 5x16
| Data 104

» Results for the “ 1 + T’ Channel

Source Neyents* stat. & syst.
HH+HW, m ;- =120 GeV /c?, BR=0.2 323 + 8.7 + 67
T fakes 163.0 = 9.7 = 17.3
tF — WbWb — fub Tvb 152.7 = 2.8 = 35.0
tF — WbWb — fub fub 132+ 08 +3.5
Z/y* — ee, up 0.7 05+ 0.5
Z/y = 1T 309 = 3.6 = 6.0
Single top 138 £ 0.7 £2.1
vV 24+02+04
"~ Total expected from the SM 376.7 = 10.8 = 39.7 |
Data 361




CMS

» Event selection

Charged Higgs Search: H*— 1T v, “u +e”

Channel

Nevents

Exactly one high P, e
Exactly one high P, u

At least 2 high P, jets,
separated from the leptons

M, > 12 GeV/c?

s NVs=7TeV. 976 pb"' CMS Preliminary

| I

m, . = 120 GeV/c’, —e—data
BR(t — H'b) =0.2 :1\52?3“ -
B W+iets
B tt+jets
[ ] DY+ets
"""" R W e -Singlet
I Diboson

10

104

Illll

1 IllIllIl Lt

102

10

2 leptons M>12 GeV/c? > 2 jets



CMS

Charged Higgs Search: H*— 1T v, “u +e”
Channel

» The resulting event numbers are:

Source Nevents = stat. & syst.
HH+HW, my-=120 GeV/c?, BR=0.2 219 +£7 =43
tt 1094 + 6 =219
Z/y* =1 98 +3 + 12
Wijets 18+3+2
Single top 40+1=x4
VvV 147 £ 04+ 1
hotal expected from SM 1264 £7 219
Data 1340




CMS

Charged Higgs Search: H*—= 7 v, CMS

» Limits on BR(t—H*b) for the “fully hadronic” and * u
+ T ” channels
\s=7TeV 1.08 fb' CMS Preliminary ~ 0.7; ,\,flg,

eV. 1.09 fb' CMS rel}'rlninz}

T T 1|’||||1|||||||||||||1| TTT [T TTT T
0.7_||||||I||||I|I|I||||I|||II|||I|||]I|||ll|||l|]|
- t—H b H T —&—- Observed t_) H b H — TV —.— Observed
_ Fully hadronic final state . 0.6 ’ _
0.6 —BRH'->1v) =1 =<l Expected median . nt, fil:al state -<l- Expected median
D Expected median 1 ¢ BR(H —1v)=1 D Expected median 1o

|:| Expected median * 20
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o
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o
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CMS

Charged Higgs Search: H*— 7 v, CMS

» Limits on BR(t—H*b) for the “ i +e” channel and the

combined limit of all channels.

95% CL limit for BR(t— bH")

O
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O O -
o) o) - N

lllllll]lllllllll
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|l|||I|IIll|||||||I_||l|lllllll|||||||||r||l|ll]
—&@- Observed

+ +
t—>Hb H -1 --l- Expected median
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CMS

Charged Higgs Search: H*— 7 v, CMS

» A CLs method is used to 50
obtain the upper limit at 95%
C.L. on the excess (lack) of
the events compared to the 40
Standard Model expectation.

Ns=7TeV 1.1fb"' CMS Preliminary

tan(B)

Observed

. . o« . TEe xpecte median_—
» To the right is the resulting tH'b, H N
. . . . 10 hadr.+pth+ep final states .chalron exclusion,
limit of the combined analysis MSSM ™, = +200 GeV
BR(H'-tv)=1

Onthem -tan Ianeof llllll||ll||l||llllllllllllll:
Hitan(B) p f00 110 120 130 140 150 160

the MSSM m, -max scenario m,, (GeV/c?)
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Search for Flavor Changing Neutral
Currents (FCNC) in Top Decays

» Top quark FCNC are absent at tree-level in the Standard
Model, and are highly suppressed by the GIM mechanism.

They are only present in the SM through loop t bys,d &u
corrections.

» Several BSM physics models predict higher

branching ratios for FCNC top quark decays.

Quark-Singlet Models, Two-Higgs-Doublet Models,
MSSM, SUSY with R-parity violation, Topcolour-assisted
Technicolour.

» Possible channels for top quark FCNC are:
t—7Zq
t—gq
t—7Yq

wt
V/7

SM FCNC

22



/ ATLAS-CONEF-2011-06 | Uses 35 pb! Int. Lumi.

Top Quark FCNC - t—Z q

» One channel in the ATLAS search for FCNC in top quark
decays consists of:
One top decaying into a Wb, the dominant SM mode

One top decaying via t—Z q

» To reduce QCD multi-jet and W+jets backgrounds, only the
case where both the Z boson and the W boson decay

leptonically (Z—ee/ 4t U W—eV /U V) .
are considered. 7
-
» Thus, the signal contains: ! t .
3 isolated leptons g 5
2 jets q t

Missing Transverse Energy W- I-

23



Top Quark FCNC - t—Z q

» Event selection
Exactly 3 leptons

Two of same flavor and opposite charge

° >
At least 2 jets S 107k ATLAS Preliminary« gata
3 — tt— bWqZ signal
MET > 20 GeV 310 | I
. . € B single top
No identified photons 210 B zjots
104 We+jets
dibosons
o 10° M aco
Plot shows MET distribution, , 7 stat. uncertainty
10

after all selection except only

requiring 2 leptons.

10-1 | T
0 50 100 150 200 250 300 350 400

A £ [GeV]
24



Top Quark FCNC - t—Z q

» The results after the event selection are consistent with SM expectations

» No evidence for the top R FIaL eefoction
- ) Channel e u
decay t—qZ is found W+jets 0.00 = 0.08 0.00 +0.08
Z+jets 0.10+0.08 0.02 +£0.01
Dibosons 0.08 £0.01 0.11 £0.01
.. tf 0.05 £0.02 0.04 £0.02
> Limits on the BR(t—qZ) Single-top 0.00 +0.00 0.00 +0.00
are calculated using a Xpected background 0.23 = 0. 17 x0.
modified frequentist Data 0 1

likelihood method, and Signal Efficiency (8.53+0.09)% (11.96+0.11)%

the results are shown in the table below.

observed | (-1o) expected (+10)
with systematics 17% 9% 12% 16%

25



» ATLAS also searches for the t—gq neutral
current. This channel is observed through t

top quark production (gg—t), where:
The top quark decays into Wb, the dominant SM mode
The W decays leptonically (e or ¢ and associated neutrino)

» The event selection requires:
One high P, lepton
One tagged b-jet
Electron channel
MET > 35 GeV
Transverse W mass > 60 GeV (to reduce QCD multijets)
Muon channel
MET > 20 GeV
Transverse W mass > 25 GeV

26



Top Quark FCNC - gg—t

» A neural network package is used to separate signal and
background events.

» This neural network uses |3 variables, and the three most
discriminating are pictured below after the full event

selection.

3140_”'I”lllll]lllllll]lilIIIIIIIIIIIIIIII< .‘(2 :lllllllllllllllllllllIlllllllllllllllllllllllllll: ‘ggoc:"”]”T'['"']”TTIIH'I””lHTT[HH]”H]IH:
c L P * dat. 4 180 - * data 4 C - P * data ]
o | ATLAS preliminary S‘;:a,(,m w | SOF ATLAS preliminary " sgnumoop | Og00F ATLAS preliminary "¢ 0000 E
w120 . B ttbar 7 Wieof p W ttbar J w r p B ttbar ]
- .[ L=35pb’ B single top g [ j L=35 pb B single top ] 700F L=35pb I single top 3
100 [ B Z+jets N 140F I zsjets . 5 P Zsjets :
s Wejets i L Wajets ] 600K Wejets E
[ B wob,wee,we ] 120F B wob,wez,we B wob, ez, we
80 Bl cco i C B cco ] 500F Il aco E
: + 77/ stat. uncertainty : 100:_ 7/ stat. uncertainty _: o 7/ stat. uncertainty -

60k 1 300

40F B 200F

2of— ; 4 100f

of : ] :

0 20 40 60 80 100120140160180200 0 056 115 2 25 3 35 4 45 5 - -

p¥’ [GeV] AR(b-jet,lep) lepton charge

2/



Top Quark FCNC - gg—t

» No evidence for FCNC in single
top quarks is observed.

» An upper limit is set on the cross-
section using a Bayesian method,
with systematics as nuisance
parameters.

28

The limit is estimated using 10,000
pseudo-experiments

It is defined by the mean of the
resulting distribution of the upper
limit of each pseudo-experiment.

rrrprrryrrefprereryrreryprreryrrrrpyrrrprerrprrd
I | I I I I I I RS

® data

90 ATLAS preliminary  __ g0 (100 1)
- ttbar
80 [ Logs po’ s

X

-1 -0.8-0.6-0.4-0.2 0 0.2 04 06 0.8 1

Wsjets
B wob,wee ,we

I cco

7/ stat. uncertainty

NN Output
expected observed
(-1lo) median (+10)
with all systematics 120pb 17.4pb 25.6pb || 17.3 pb




CMS CMS PAS EXO-11-005 Uses 191 pb!' Int. Lumi.

Top Quark FCNC - T—tZ

» In a slightly different search for top quark FCNC, CMS
searches for T—tZ

» The decay chain is pp =TT — tZtZ — bbW*WZZ.

» Event Selection: T is a top-like quark
» Two Ieptons from a Z-decay It is expected in composite
) ) Higgs models, Little Higgs
> OPPOS|te Sign, same flavor models, and models with extra
b 60 <M, < 120 GeV/c2 F———-
» A third isolated Iepton It is a vector-like quark of charge
At least 2 jet 23
’ tleast 2 jets It could have tree-level FCNC
» Total Pt of Ieptons and jets, couplings, and may preferentially
excluding the leading two of decay to tZ.

each, > 80 GeV/c

29



CMS

data driven method.

Top Quark FCNC

- T—tZ

» The background with three real leptons is estimated from
simulated events.

» The background with two real leptons is estimated using a

Process Cross-section (pb) €[%] Yield
TT, M(T) = 250 GeV /c? 20.5 (NLO) 14.5+3.0 30.4
TT, M(T) = 300 GeV/c2 7.29 (NLO) 246+5.0 18.4
TT, M(T) = 350 GeV/c?2 2.94 (NLO) 299 +6.8 8.99
TT, M(T) = 400 GeV /c? 1.30 (NLO) 30.3+6.9 403
TT, M(T) = 450 GeV/c2 0.617 (NLO) 33.8+7.7 213
'IT M(T) = 500 GeV/c? 0.310 (NLO) 344479 1.09
M(T) = 550 GeV /c? 0.162 (NLO) 33.6+79 0.56
tt+ ]ets 158 (CMS) (2.6 =2.0)x10~4 0.08
Z +jets 2.9 x 10° (CMS) | (6.3 +=5.4)x107 0.35
WZ inclusive 18.0 (NLO) (3.3+0.5)x1073 0.12
ZZ inclusive 5.9 (NLO) (5.9 +0.6)x1073 0.07
tt+ W +jet 0.144 (LO) (1.3+1.3)x1072 0.004
tt+ Z +jet 0.094 (LO) (5.4 +1.3)x107! 0.10
Expected background from simulated samples 0.71
Background with two real leptons (data-driven) 0.45£0.28
Background with three real leptons (simulated) 0.28 =0.11
Sum (estimated background) 0.73 = 0.31
Data (191 pb~—?) 0

30

» Data Driven Method

» The efficiency of identifying
leptons with the regular
object selection vs.a loosened
selection criteria is measured
from data.

» This efficiency is applied to data
events with two regular
leptons and one lepton that
passes the loosened selection
to estimate the background.



CMS

Top Quark FCNC - T—tZ

» The results are consistent with contributions from SM

processes.

The upper limit on the cross section is calculated using a
Bayesian method with flat priors and a log-normal model for
integration over the nuisance parameters.

Comparing the upper limit
on the cross section with
the NLO calculated cross
sections with respect to T
mass, a limit of

m; > 417 GeV/c?is obtained.

31
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Conclusions

» ATLAS and CMS have set strong exclusion limits on the branching ratio of
t— H*b using the H*— 7 U channel

0.03-0.1 for ATLAS (depending on m,,,)
0.04-0.05 for CMS (depending on m,,,)

» For the charged Higgs boson have also ruled out a large region of
parameter space in the my,-tan( 3 ) plane of the m -max scenario of
the MSSM.

» ATLAS has also set limits on BR(t— H*b) for the channel H*—cs

0.14-0.25 (depending on m,,,)

» For FCNC, ATLAS has shown BR(t—qZ) < 17%, and set an upper limit of
|7.3 pb on the production cross section of gg—t.

» CMS has set upper limits on the cross section of the FCNC process T—tZ,
and set a lower bound on m; > 417 GeV/c2

»  With the current rate of data taking, major discoveries or exclusions from
top quark decays may be just around the corner!

32
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Charged Higgs Search: H'— 7T v,
Background Estimation

» The major SM backgrounds to the analysis have been estimated
using almost completely data-driven methods.

» The backgrounds can be broken up into those from:

Correctly identified T leptons
(mostly SM tt, some Wtjets, single
top, diboson):

Estimated by identifying u +jets events in
collision data and “embedding” simulated
T signatures in place of the (.

Electrons misidentified as T leptons
(Z—ee, some tt):

Scale factor, defined by calculated
misidentification probability in Z—ee
from simulation and data, applied to

34 simulated events.

QCD multijet events:

Estimated by using a template fitting
method, using a defined “orthogonal
selection” as a model of the shape of the
multijet distribution.

Jets misidentified as T leptons
(W+jets, some tt):

Misidentification probability measured
from Y+jets events in data and applied
to simulated events.



CMS

Charged Higgs Search: H*— 7 v, “Fully
Hadronic” Channel, Background Estimation

» The backgrounds to this channel are separated into three

categories:

Backgrounds from QCD multijet
events:

The event selection, except for the MET cut
and b-tag requirement, are applied to data.
The fraction of QCD in this data sample is

taken as the difference from the expectation
from simulation. The amount of QCD after

all cuts is taken as:

QCD _ ' QCD MET+b
N o E_NP”’S‘-’I' i X presel, i X & '
i

Where i’ refers to binning with respect to
the T P,

35

Backgrounds with 7 leptons (mostly
SM tt, some Wtjets, single top,
diboson):

Estimated by identifying (£ +jets events in
collision data and “embedding” simulated
T signatures in place of the (.

Backgrounds with fake T leptons
(Z/W+jets some tt):

Estimation taken from simulated events.




. Charged Higgs Search: H'—= 7 v, “u+1t”

Channel, Background Estimation

» The backgrounds to this channel are separated into two
categories:

Backgrounds from events with fake | The total number of of events is
GECEtons wom) calculated by multiplying N ¢ fakes
, . _ by the efficiency of the U/t
E.st.lmatgc.i using data dr!an fake rates.Two opposite sign cut, taken from
misidentification probabilities are calculated, simulation.

one from a region rich in QCD multijets,
the other in a region rich with W+jets.

The number of fakes before requiring u
and T have opposite sign charge is:
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2 Estimation taken from simulated events.

Backgrounds from events with T
leptons:

NT fakes —

where i is the event index and j is the jet
index.




