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Top quark physics
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Higgs boson physics




Standard Model

Standard particles

’ Force particles




Standard Model

Standard particles 1897 : electron
EO00S ke

1932 : positron

1937 : muon

1956 : neutrino

1962 : veand v
1969 : u,d,s quarks (parton model)
1974 . charm quark
1975 : Tlepton

1977 . bottom quark
1979 : gluon

1983 : W and Z bosons
Quarks ’ Force particles 1995 - top quark

2000 : v+
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Standard Model

Standard particles 1897 : electron
AT 1900 : r-ray

932 : positron
937 : muon

956 : neutrino
962 : veand v u

e 1969 : u,d,s quarks (parton model)
Not discovered 'yet: charm quark
975 : Tlepton
1977 : bottom quark
1979 : gluon

983 : W and Z bosons
Quarks 0 Leptons ‘ Force particles 1995 - top quark

2000 : v+

2012 ? . Higgs boson !7?




Higgs boson

~+ Standard Model...quantum+relativity+gauge principle
-+ The mass of the elementary particles should be O
-+ (Gauge boson mass : Gauge symmetry
m°A"A, —m’(A" +d"A)(A, +3d A)=m°A"A,
& Fermion mass : Gauge + chiral symmetry
mynp = m@ + P, )@ +9,) = mE P, +9, ;)
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Higgs boson

~+ Standard Model...quantum+relativity+gauge principle

IsSm—HiQgs bosor 1 be O

[ ] ‘ TN BN WV ~ L an-l-v- y J

0(1 OO“(}eV) LHC expenments

& Fermion mass : Gauge + chiral symmetry
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Higgs boson

~+ Standard Model...quantum+relativity+gauge principle

IsSm—HiQgs bosor 1 be O

[ ] ‘ TN BN WV ~ L MMI\*I’ y J

O(1 OO”C}eV) LHC experiments

1 |4 L/\ A

Orlgln of the mass :

Heaviest top quark becomes important
we,/
de Se }e




Quadratic divergence

It Higgs boson exists ... We can expect the new physics
Scalar Higgs boson causes the quadratic divergence

my = (my)® + omy

2 2 A2
Bl = e
= A

\/

New physics which cancels top quark loop is seriously
needed

New physics is heeded to cancel these divergences out



Example of new physics : SUSY

Standard particles SUSY particles

Higgsino

' Quarks 0 Leptons ’ Force particles Squarks Q Sleptons Q SUSY force
particles

: N
+Q+< Cancel out )
H H e

H H

top quark top quark partner

Search for the top quark partner using top quark




Example of new physics : SUSY

Standard particles SUSY particles

8 - : g
Pass. 9 Pass. - Paes. Y

Nevv h sucs at O(1TeV) /LHC
GTop guark factory LHC ,

top quark top quark partner

Search for the top quark partner using top quark




LHC-ATLAS



LHC-ATLAS detector

2T Solenoid Magnet + Toroidal Magnet 7000 tons, 160M channels

Tile calorimeters
- LAr hadronic end-cap and
forward calorimeters
Pixel detector
Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiatfion fracker
Semiconductor tracker
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ATLAS detector specification

Detector technology Resolution

resolution
@100GeV

= 0.05% x pr + 1% 6%

Si-pixel/strip, transition o(pr)
radiation tracker pr

o(E) 10%
EM cal Pb+LAr T
Fe+scintillator, Cu+LAr, Cu GETIE 0T
+W+LAr o

o(pr)

muon drift tube, RPC, TGC = 0.01% x pr + 2% 2-3%

e, 1L, and r are important for especially discovery of the new particles

Tracker

+ 0.7% 5%

Had cal + 3% 8%
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~jymultijets as many as possible
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Luminosity

ATLAS Online Luminosity
[ ] LHC Delivered
ATLAS Recorded

Total Delivered: 5.33 fb”’
Total Recorded: 5.00 fb™

Results presented today
is based on L= 1~2 fb-!
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SM processes
imultijets(O(mb))

n ATLAS Preliminary

T | Ldt=0.035-1.04 b
O00pb
i Vs =7TeV
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Top quark physics




Top quark physics
In the SM,
10p-quark pairs proouced Dy Strong IRTSraction |

Cross secton (@NNLO) 165+1 = ><O5 tt
@ 5 fb

Top quark decays into b-quark and W boson before
hadronization e ——
T~ 4 x107%s < 1/Agep ~ 3 x 107

Br(t — bW™) ~ 100%




tt production kinematics
Br(t — bW™) ~ 100% Final state depends on W decays

Branching
fraction

q or v All jets 2 b-jets, 4 jets 46%
1 lepton | 2 b-jets, 2 jets, 1 lepton, Etmiss 34%

qgor £(€=e, u,or T) Final state

2 lepton 2 b-jets, 2 leptons, Eymiss 6%

T channel|2 b-jets, T, lepton or jets, EtMiss 14%

g or v

gor £(€=e, u,or t)




tt production kinematics
Br(t — bW™) ~ 100% Final state depends on W decays

Branching
fraction

qorv | Aljets 2 b-jets, 4 jets 46%
1 lepton | 2 b-jets, 2 jets, 1 lepton, Etmiss 34%

qor £(£=e, u,or T) Final state

2 lepton 2 b-jets, 2 leptons, Etmiss 6%

T channel|2 b-jets, T, lepton or jets, EtMiss 14%

Associated production of the Higgs with top quark pair,
toward top Yukawa coupling measurement

g or v
gor £(€=e, u,or t)

top quark pair + 2 b-jets
Understanding ttbar + (b-) jets is important




tt production kinematics
Br(t — bW™) ~ 100% Final state depends on W decays

gor £(€=e, u,or t)

Final state

Branching
fraction

qorv | Aljets

2 b-jets, 4 jets

46%

1 lepton

2 b-jets, 2 jets, 1 lepton, Etmiss

34%

2 lepton

2 b-jets, 2 leptons, Etmiss

6%

T channel|2 b-jets, T, lepton or jets, EtMiss

14%

top quark partner search (ex. stop search)

g or v

gor £(€=e, u,or t)

g

top quark pair + Emiss




tt production kinematics
Br(t — bW™) ~ 100% Final state depends on W decays

Branching
fraction

q or v All jets 2 b-jets, 4 jets 46%
1 lepton | 2 b-jets, 2 jets, 1 lepton, Etmiss 34%

qgor £(€=e, u,or T) Final state

2 lepton 2 b-jets, 2 leptons, Etmiss 6%

T channel|2 b-jets, T, lepton or jets, EtMiss 14%

top quark pair from new resonance

g or v
gor £(€=e, u,or t)

M,
ot after collision enerqgy exceeds Z’ mass




tt production kinematics
Br(t — bW™) ~ 100% Final state depends on W decays

Branching
fraction

q or v All jets 2 b-jets, 4 jets 46%
1 lepton | 2 b-jets, 2 jets, 1 lepton, Etmiss 34%

qgor £(€=e, u,or T) Final state

2 lepton 2 b-jets, 2 leptons, Etmiss 6%

T channel|2 b-jets, T, lepton or jets, EtMiss 14%

New particles from top quark decay

b
> .'_T:

HT ¢ or q

g or v
g or 2(2=e, M, OF "l.") v or q’

Enhancement of specific decay channel




tt production kinematics
Br(t — bW™) ~ 100% Final state depends on W decays

Branching
fraction

All jets 2 b-jets, 4 jets 46%
1 lepton | 2 b-jets, 2 jets, 1 lepton, Etmiss 34%
2 lepton 2 b-jets, 2 leptons, Eymiss 6%

Final state

T channel|2 b-jets, T, lepton or jets, EtMiss 14%

It is crucial to measure the cross-section and the
branching fraction with
(1) several decay channels,

(2) several associated productions,
(3) several +/'s

It is also important to check the kinematic
distributions of the decay products




tt production cross section in 2-lepton
v L=700pb-"

Event selection T/,e+
2 leptons (ee/u u/eu)

At least 2 jets

Ermiss > 60 GeV, Z veto [Mz-Mi|>10GeV (ee/u u)
Hr=2pT(leptons, jets)> 130 GeV (eu)
Backgrounds : Z+jets, W+jets

HT distribution for eu channel number of jets distribution

Cross section of the dilepton
ee+uU U+e

‘ BRAARE , v
4 4 YTTTI-IYYITT‘TII:YYT]T TYTT.IY]TTT
Preliminary non-b-tag eu ATLAS Prelimjnary all channels - | ATLAS Preliminary

e Data 3 B e Data 1 -
: ] : | | Data 2011.[ Ldt=0.70fb" !
t=0.70fb’ [ : det=0.70 b (i < : m, = 172.5 GeV
U Zrytsjets } I - U Zrytsjets 1 ee 172+ 16 + 31 77‘3
Fake leptons _ . “7% 77  Fake leptons - [t : 154+10 5 *
B otherew - W other EW en f 1767 *17

o .| comb. : 1716 *J9
rity : 83% om | z ot
ks : ee w/ b-tagging : 175+£15 5

Theory (approx. NNLO)

—
o
w
TTTT

Events / 35 GeV

Py
o
n
TTTY

—

> up w/ b-tagging .—o—.-a-o—4 159+10 *7
ey w/ b-tagging t—o—t-o—c 187+8 ‘0 !
Comb. of w/ b-tagging e 177+6 )

: (stat)i(syst)i(lumi)

.
.
PO TN N W NN TN TN NN W NN - NN NN U U NN NN N NN [ .|

50 100 150 200 250 300

OO, OO NN

100 200 300 400 500 600 =700 oo
H; [GeV] Number of jets c:lP

consistent with SM prediction




tt cross sectionin T-u+ X

Sensitive to charged Higgs

Event selection:
One u

= 2 jets (2 1 jet is b-jet)
EqrissSE30RGe,
Hr = 2pT(w, jets, Etmiss)

tt (1 lepton)

Background :

Only T id can discriminate signal from bkg

180
160

140
120

100
80

60F
40F
20F

-20

L=1fb-!

OF

-~ — BG from fit
(338)

- — Signal from fit
(163 + 30)
—expected signal:
198

—

.

ATLAS Preliminary -

JLm=1omb’
t, Data

-
L_.-A

| o]

0

Boosted Decision Tree (BDT) multivariate analysis :

Narrow jet cone, Low Nk in a jet

quark/gluon

OS - SS Events

09 1
BDT

> tau like

oz = 142

J.Ldt=1.08fb'1
nz

0
0 1 2 3 4 5 6

ATLAS Preliminary * Data .
tt-ut  +bb

had ]
ST, diboson-

BDT,; <0.7
__Tsare counte

+ jet

OS - SS Events

W + jet
tt—ll+bb
- W ttol4jjbb
uncertainty

7 8 9 10

Jet Multiplicity

So2: ::%g 15 pb

60

0
0 12 3 4 5 6 7

ATLAS Preliminary * Data
"—)utm+bbj
ST, diboson

L Z+jet
W+ jet

" tt—ll+bb

W tt1+jjbb
uncertainty -

det=1.08fb"

BDT, > 0.7

. <
8 9 10
Jet Multiplicity




tt production cross section

lllflf‘Tl]lllfl':l1l]lUIV‘[YIIIII IIVIIVIYYVUIYYYVITYYY
- ~ - NLOQCD ( @ Combined 176 + |, pb
: Theory (approx. NNLO) ; i = Aoprox Nr\:ig’ (pp) Y |+fets 186 £23pb 3
JLdt =35 pb1 (L+jetS, 201 0) - m - 1725 GeV - - HE (35 pb’', Prelim.)

1 NLO QCD (pp) A Dilepton 171 + 2 pb
JLat = 0.70 b (dilepton, 2011) £ Approx. NNLO (p)
® CDF

¢ DO

L+jets w/ b-tagging F—O—t—0—4 186+ 10 220‘

I IIIIIII

Dilepton w/o b-tagging i 171+6 0

T
3
<
Q
—
S
O
>

Combination ..-.*.—. 176 +5 '

L+jets w/o b-tagging i 171417 * 7

I llIIIII
LA L 1111l

Dilepton w/ b-tagging bt 177+6 0
: (stat)+(syst)+(lumi)
1 1 1 1 l I ] 1 1 1 l 1 1 1 1 l 1 : 1 1 1 l 1 1 L 1 l 1 1 1 1 l 1
0 50 100 150 200 250 300
G:lpb] \ s [TeV]

I+jets(0.7fb) e~ 1794+3.9+9.0+£6.6

|
1

QCD is effective theory from

-1 20 i
T+u(1fo) - 142 £+ 21 96 £5 1TeV to 7 TeV proton collision
all jets (1fb1) ¥ :
167 + 18 + 78 + 6

Experimental uncertainty is now
All channels are consistent with SM comparable with theoretical
uncertainty




ttbar+Ermiss i

Search for the exotic top quark partner (SUSY, little Higgs, UED, 4th gen...)
SUSY: T is scalar top {t —s ttX1X1 9

Event selections:
1-lepton selection (1 lepton, 24 jets)
Etmiss > 100GeV, mt>150GeV
my = \/ 2Tl candle—g e N =
Backgrounds: T-spin 1/2

LoisEs Ll Exclude Mr<420GeV @ AO=10GeV
10 T R

] 1] | | I 1 1 | [ ] 1 | I | | 1 I | 1
A TLAS ® DataNs=7 TeV

80— J-L dt=1.04 fb' s

70 .
- — 1
! - Other Backgrounds

Background Uncertainty

D m(T)=360 GeV, m(A )=100 GeV

m{'D =440 GeV, m(A )=100 GeV

90= ATLAS -

v, *
’ '0.
'.
-
‘o

5

-

JL dt=1.04 fb"'
\'s=7 TeV

Events/30 GeV

| —— l:xpected Limit (£1g) .

Observed Limit b Wiy

101 NNLO Spin-1/2 TT Theory 1o '
SILILILID NLO Scalar TT Theory 1o |

300 350 400 300 320 2340 360 380 400 420 440
E™SS [GeV] T Mass [GeV]
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Higgs boson searches




nggs productlon

gluon fusion
g 99— H

ol

W/Z boson fusion
qq — Hqq

\s=7 TeV

—
o

B IH|

LHC HIGGS XS |G 2010

o(pp — H+X) [pb]
| I|

—h
Q

>




nggs Decay

_L

\'s = 7TeV SM

LHC HIGGS XS WG 2011

WW — vag

c x BR [pb]

Branching fraction

WW — VIV

—h
O.
TT

ZZ — I'lqq

N .
A®

—h
Q
I\J

ZZ — T

-3
10 - VBFH >ttt |=e ]
H — Fvbp V = V V Vi ]

_ZH—>IIbb q_udscb 1

140 160 180 200 220 240 10700 260 300 400 500
Higgs mass (GeV) M, [GeV]
H i

Mu<130GeV Mr>200GeV
Hobh, Horot  HZ220 501 ] wets)
H %ﬂ M(2 r) e ZZ(*) S g"‘_,é_yﬂ M(2 £ +pTmiss)

130GeV<Mn<200GeV  H — ZZ™ — -t mae)
H — WW(*) — ¢~ ¢ v Cannot reconstruct Higgs mass




Higgs Decay

Branching fraction

-4 ’
10* £

'Events expected to be produced with L=1fb1 " :

Mn GeV

WW—=lvlv

LZ—4]

rr

1.5

43

4.6

16

3.8

0.04

vV = V V

100 120 140

160

180

200 220 240

Higgs mass (GeV)

t WH STV
" ZH — I'Tbb
4l

AN

q-= udscb

10700

200

300 400 500
M, [GeV]

Mn>200GeV
H— ZZ%™ S 0t0=455  mMm@e2)
PR M(2 ¢ +pTmiss)
=7 e e i g

Mu<130GeV
e s -
H — vy m@r)
130GeV<Mu<200GeV

H — WW(*) — ¢~ ¢ v Cannot reconstruct Higgs mass




H—WW search

Opposite sign 2 good leptons
Fances =S

Selections for WW+0jet and 1jet are
optimized independently

Event selection

—— 1
ATLA Prellmlnary ® Data << SM (sys @ stat)

B ww [ WZZZwWy
\S = 7TVJLdt—17Ofb1 D" DslngleTop

Bl Z+jets[] W+jets (data driven)
[] H[150 GeV]

—

lllllllllllIlllllll[lllllllllll]llllllll

T
)

=
=
-1
=1

main background:
O-jet : pp > WW
1-jet : top quark

;fllllllllllllllll]lllll

Higgs mass cannot be reconstructed.

transverse mass of Z v ¢ v system
mr = \/(ng e Egpiss)Q ( _|_pmzss)

spin correlation of ¢ v ¢ v system
A¢€€

W-
€ 3
-~
m — Charged leptons tend to decay to the similar direction
V

— Narrow Ag*



Entries / 0.31 rad Data /MC Entries / 0.31 rad

Data / MC

H—WW search

- HHWW-=iviv + 0 jets

}lIY ITY!I‘[I!TTIYY!]'YIYI]YYTI[

e —
ATLAS Preliminary

, B ww [l W22ZZNWy
\s=7TeV, | Lot=170f0" .

e 1 v
® Data <~ SM|(sys @ stat)

—

Single Top
B Z+jots [T] Wejots
() H[150]

A ¢€€

—

bbb b b b L b L s L B

w

> 25
Ao(ll) [rad]

S — ——r
30— ATLAS Preliminary

, I ww [ wzzzwy

\s=7TeV,| Lat=170" = .

25[" HoWWohiv + 1 jet

v vy
® Data = SM(sys @ siat)

—

11lll.Llllll.ll'.Llllllslllllli."

Single Top
B Z+pots [T] Wejets
[ H[150 GeV]

A¢€€

25
Ao(ll) [rad]

WW+0-jet

Observed data :
70

expected :
background : 53+9
signal : 34+7

WW+1-jet

Observed data :
23

expected :
background : 23+4
signal : 12+3

Entries / 10 GeV

Data/ MC

Entries / 10 GeV

Data/MC

L=1.7fb"!

T

T TTereyY Ty
e Data —— SM(sys @)
. B ww Il WZZZWy

—

Lo duaaald

lATL;IAS I'=>‘relvir:n'ir;aryr

\5=7 TeV.I Ldt=1.70fb 0 [ Single Top

B Z+jets[T) Wejets (cata criven)
[ H[150 Gev)

mr =/ (Eé%-+ E=0)? — (pff + pp*>®)

H->WWoiv + 0 jets

HH[HHIHJIHHI
|[\')
AALLLLLLLL
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M, [GeV]
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ATLAS Preliminary e Data — SM(sys @ s
. - ww . WZZZWy
“\s=7TeV, | Ldt=1.701b O & Single Top
(] Z.plsD W+jots (data driven)
[ 1 {150 GaV)

mp = \/ (Ef + EP=*)? = (pr + ™)
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H— r r search L=1.1fb"

Event selection
2 good rs (pt >40GeV, 25GeV)

Good resolution o (M »)=1.7GeV
In spite of small Br(H— 1 r) =2x10-3
this channel is the best for low mass Higgs

llll]lllllllllllll
ATLAS Simulation

mn=120GeV
- resolution : I\/IC? With all
1. 7GeV calibrations

—
—
—

1/N dN/dmﬂ /0.5 GeV

Backgrounds are extracted from the fit of

the side band — exponential
0% =Py o 0% etin Yy daking=);

lllllllllll
110 115 120 125 130 1

I I 1 1 ' L I 1 I 1 1 | ] I | | |

1 . l T 1
A ATLAS o Dot
Data 2011, {s=7 TeV, J Ldt=1.08fb"

Data 2011 vy

Ns=7TeV, | Ldt=1.081b" B i+ Y
B i
Bl oy -
== Statistical error |
== Total error -

Inclusive diphoton sample
. Data 2011
Background exp. fit
Bkg + MC signal m = 120 GeV, 5xSM

Events/ 2.0 GeV
dN/dm., [GeV )
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t ATLAS Preliminary |
\S — 7 TeV ? ° D’it'\

Yy O iy 1200 = TR Corrected
CATLAS S /R0 ZEL S
A EXPERIMENT i . |

Run Number: 182747, Event Number: 63217197
Date: 2011-05-28 13:06:57 CEST

06~2-3GeV

\

100 110

e DATA
Background ATLAS Prellmlnary
- [ Signal (m =150 GeV)
@ Signal (m =220 GeV)
c [ Signal (m =480 GeV) x

H—>ZZ —>4I
| Ldt=1.1fb"
\s=7TeV

Events/10 GeV

9
8
7
6
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1

L

| -

§ A A | I I L l ' 1 A A ~
o 200 400 500 600
m, [GeV]




High mass Higgs search in H — ZZ

[ 1 (~mH13) becomes broader at for heavy Higgs
— good lepton resolution cannot help very much
cross section x Br (Z— ¢ ¢ ) becomes too small

L=1fb-!

H—2Z— ¢ ¢ j H->ZZ—>4 4 v v

2
mp = [\/ m% + kel + 4 /m + Ip?"‘SSl] — [P + p7*?]

40
35
30
25
20
15

I I |
° dataj L dt=1.04 fb"

B Signal x 10
(mH=400 GeV)

- Total background

L ] J | ] I J | ] 1 l I ] J 1 l i ' 1 I I '

1 ] 1 I 1 ]
ATLAS . dataj Ldt=1.041b"
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Higgs searches
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Combination
 ATLAS Preliminary  CLs Limits
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Combination
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Prospects for ATLAS+CMS combined:

With assuming ~10 fb-! per experiment by end 2012:

First half 2012:
sensitivity to exclude full mass region up to mu ~ 600 GeV (= 95% CL )

End 2012:

may achieve 5o discovery over the same range
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Summary
LHC-ATLAS is running very well

Precise measurement of the top quark has begun
- The uncertainties of inclusive cross-section

measurement is better than level of 10%
- New physics search using top quark has begun

No excess of the Higgs boson has been seen yet
- Exclude 146-466 GeV, except 232-250, 282-296 GeV

- End of 2012 (for ATLAS+CMS combined),
we may achieve 5o discovery over mH<600 GeV

2012 will be year of the Higgs !
— top quark physics becomes more important
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Top quark mass

2010 data e+jets prel.

2010 data p+jets prel.
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Combination

—— Observed —— Observe \s=7 TeV
---- Expected ---- Expected CL, Limits

| | L) L] L) L) L T

it
|

ILdt~35 pb" _[Ldt~ 1.0-1.2fb" (EPS-HEP 2011)
(2010 Data)

—
o

| Illllll
| lllllll

|
|

95% GCL Limit on o/cg),

p———
—
—
ot
S
-
—
—
—

| 1 llllllI

ATLAS de' ~1.023f6'  —— Observed [+ 1o

Preliminary (LP 2011) ---- Expected + 20 B
100 200 300 400 500 600
my [GeV]

-
p—
—




1 | LI B

CMS Prlvate \s 7 'IJeV gombined
— bb

H- 1t

H- vy

H-
H- ZZ - 4l
HoZZ - 2|2t
H— ZZ - 2l 2q
H—>ZZ—>2I2V

3

—
o

95% CL limit on 6/0g,,

llllllllllll lllllLllJ.l_lJ.lllJ_ll

200 300 400 500 600
Higgs boson mass (GeV/c?)




600

T Mass [GeV]

1
1o)

(

+
t (Theory Unc.)

Im

550

Imi

L dt=1.04 fb
i

CDF Exclusion

500

—— Excl.o x BR(TT={A A,)

-
©
D
S
e 5
3
LU

m— (ODS. L

450

v NN NN
) .3
N N\ N\ N ,/../,.///,./,../// N\
AR L LR
L N N
N

— \\\.\\
s
‘IS S \.lM\'\

400

350

O\

OO

\

[AeD)] ssep v




SUSY production
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In V-A interaction of the SM
Longitudinal (O) Left handed(L) Right handed (R)

T < < — - e - -
& A ® ® & ® ® ® 0.4

w 1 b W t b
FL: 0.3 Fr : Forbidden

< 0k e
-1 : 0 0.5 1

single lepton channels
Ll | Ll 1 ' I T T ' I T Ll

ATLAS Prellmmary —e— data
—— best fit

W boson helicity
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0.68 =0.12
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