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Physics in Top Quark decays

the decay of the top quark in the Standard Model and beyond
using b-tagging to study the decay t>Wb

1. measuring the branching ratio
2. using BR(t=>Wb) as a constraint to measure the b-tagging efficiency

obtaining Jet Energy Scale corrections from mass constraints
resonances in the top quark pair mass spectrum
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2(The Top Quark in the Standard Model

O In the Standard Model the quarks obtain their mass via EW symmetry breaking

Ly = 2yPDgotQi + 2yl UFPTQJ + hec.
ij ]

v where ® is a doublet under SU(2) and has hypercharge

v when @7 = (0 v ) these interactions give masses to the quarks as m,=y,v

v collecting all the mass terms leads to the CKM matrix, a unitary matrix that
couples top and W to all the down, strange and bottom quarks : 4(t—-Wq) «V,

v we can study the Standard Model production of top quarks or top quark pairs

® 'Theorists at work’ : replace this structure with something else ...

% most of the times with more fields
v the top quark couples most strongly to the EW symmetry breaking sector

® The large mass leads to a large top quark width (I';, ~ 1.5 GeV)
v the top quark lifetime is shorter than the typical hadronization time (Aqcp™)
= withinthe SM =4 x 10%°s <74 ~28x 10% s
v one can study the bare quark properties (no confinement)
v the weak interactions are strong and the strong interactions are weak...
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7702e The decay of the top quark

BRUXELLES BRUSSEL

PRODUCTION PROPERTIES DECAY
Cross section Mass (matter vs. anti-matter) Charged Higgs
Charge W helicity

Life-time and width
Spin

Anomalous couplings
CKM matrix elements
jets  Calibration sample !!

b-tagging

missing energy

trigger

The LHC data will extend the Tevatron precision reach and allow new topics.
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Tevatron knowledge

* First measurements achieved at the Tevatron (only a selection!)

March 2009

Vrije Universiteit Brussel

o Parameter CDF 95% CL Do
1 — LEP2 and Tevatron (prel.)
805 - LEP1 and SLD mass (comb) 173.1£0.6x1.1 GeV
68% CL width <13.1 GeV
%) lifetime CTypp<52.2 um
O 80.4-
— charge excl. -4/3 @ 87% excl. -4/3 @ 92%
=
S BR(t>Wb)/ > 0.61 >0.79
BR(t>Wq)
80.3- FO 0.66+0.16+0.05 0.49+0.11+0.09
Im
11 F+ <0.27 0.110.06+0.05
150 DO : m(top) — m(anti-top) = 3.8 £ 3.7 GeV
m, [GeV]
J.D’Hondt Physics in Top Quark decays
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Tevatron knowledge

* First measurements achieved at the Tevatron (only a selection!)

R ASRAARARAAMARRARRRENSTi: I T COF  95%CL Do
< | LEP2/Tevatron o mass (comb)  173.1%0.641.1 GeV
g 8050 - mssMl T width <13.1 GeV
% _ lifetime CTypp<52.2 um
& w0 i charge excl. -4/3 @ 87% excl. -4/3 @ 92%
E BR(t>Wb)/ > 0.61 >0.79
< 80.30' | BR(t>Wq)
it FO 0.66+0.16+0.05 0.49+0.11+0.09
. Lt ‘HBTGWm‘mS'ﬁcki:wwlwrl%l;;ﬂ'f?; F+ <0.27 0.1120.0620.05
T e 17?11t o DO : m(top) — m(anti-top) = 3.8 + 3.7 GeV
J.D’Hondt Physics in Top Quark decays
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77 {22 How to define the Top Quark mass?

BRUXELLES BRUSSEL

eg. arXiv:0906.5273v2

= What is the real theoretical uncertainty (or error even) on m,,,?
= Which kind of top quark mass do we measure, examples:

= Pole mass (m,f°¢): Breit-Wigner pole

= 1S mass scheme (m,'S): threshold mass eg. in e*e->ttbar

= MS-bar mass (m/MS(u)): preferred by theorists
* Theoretical differences can be large...

= A calculation from the Tevatron cross section resulted in a 8 GeV
difference between the pole mass and the running top quark mass

(MS-bar).
m [GeV] | m; [GeV]
3.5 3.5
LO 159.2732 | 159.233
3.3 3.5
NLO | 159.8733 | 165.8%32
NNLO | 160.0733 | 168.273%

Numbers obtained from the measured
Tevatron cross section 6=8.18pb,
uncertainties are experimental.

J.D’Hondt
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Decay of top quark pairs

Many new measurements possible

in the decay of top quark pairs b jet‘Tf

Spin-correlations
Resonances X—>tt , , |
Fourth generation t — 2bjets + 2quarkjets | (i
New physics (SUSY)

Flavour physics (FCNC)

w - jj ey uv
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Tevatron knowledge

Spin correlations strength
K=-0.17 +0.65-0.53 (DO0)
K= 0.32 +0.55-0.78 (CDF)

excl m,<820 GeV (D0)
excl m,<805 GeV (CIgF)
o

-
--

A.g = 0.190.07+0.02 (CDF)
b ;etvf Arg = 0,1210.08£0.01 (DO)

b jet\§A
Eg. of first measurements achieved at the
Tevatron, precision to reach with the LHC data

( jet // 1
J.D’Hondt
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7720e The decay of the top quark

arXiv:hep-ph/0607115v2 [

= Also new phenomena can be hidden in the top decay...
= Flavour changing processes in the Standard Model

J: _ ﬂL/y,udL mass eigenstates JIL—)— — UL’Y,uVCK.\-‘IDL

Vud Vus V-ub
VerMm| = Veda Ves Ve
Via Vis Vi

0.9738 £ 0.0005 0.2200 £ 0.0026 (3.67 £0.47) x 1073

= | 022440012 0996+0.013 (41.3+1.5) x 1073
? ? ?

= There can be new physics in |V, |, eg. charged Higgs t>H*b or an
extended quark flavour section (4t" generation)...

= Direct constraints via T(t — Wh) Vi |2
R = = ' -
b-tagging!! L(t— Wq(=d,s,b))  |Via|? + |Vie|?2 + |Vis|?
J.D’Hondt Physics in Top Quark decays
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CMS PAS BTV-09-001

BRUXELLES BRUSSEL

B-tagging in CMS

= B-tagging tools make use of the Tracking devices to search in a jet for
displaced vertices, soft (low p;) leptons and/or tracks not originating

from the primary collision vertex

Example of observables used:

* Impact parameter and its
significance

* Decay lengths

* Presence of secondary vertex

* Vertex mass

* Number of tracks at vertex

« Ratio of je energy to energy
associated to secondary vertex

* Presence of soft-leptons

muon

P Primary Vertex

BR(b>uX)~20%

Example b-tagger (track counting):

Jet is b-tagged if at least N tracks have a
impact parameter significance above S.

One should not forget to include quality cuts on the tracks to consider in the jet

J.D’Hondt
Vrije Universiteit Brussel
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B-tagging in

CMS

* The performance of these different b-taggers is quantified as a typical

hypothesis test.
Signal | jets from
(HO) error  b-quarks

pe 1

CMS Preliminary

.| Track counting variable

>
o

107E

3
- zﬂ_

i B-tag variable 102§ : ,' ----- c
Background, Jjets from Ag‘: "'vv,g% =
(H1) error uds-quarks or 103 5 R
type gluons E 'A&“g/(/g v'“"'vf
Sel,., | B-tagvariable 104 I T o
cut (= “working point”) E : ‘7‘/&7;;,;‘ Mass,
"Error of type-1: rejecting a real b-quark jet 107 i i T
i - i ) - 10 -5 0 5 10 15 20 25 30
| Error of type-2: ac;creptlng a non b-quark jet discriminator value
[ &, = b-tagging efficiency = # Sely;,,, / total # b-quark jets
1 &.0n.6 = Mis-tagging efficiency = # Sel, ., / total # non-b-quark jets
J.D’Hondt Physics in Top Quark decays 11
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22 B-tagging in CMS
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= An example (track counting variable)

j TraCk Countlng Varlable il |c';"flS ll:’:’ellllml"l'fr‘ > 1 ETT T T [T I T T[T T TT[T1T1 || TTT Il TTT ll TTTT || T lcll\rlslr—e-hmm?ry
< 1 - I 'E
: ‘.“ : eXcimpI:e CU? jAuDS - ';::) 107 ;_ ‘ —;
107 v T = o :
: sl N c | 3 8 [ ein=1% i
i e ’J."', S 13 5| ket S NP N S T N
102 A M : 5 QIO L E
2 I e i & | R -
Al b v/ 41 O B | ]
107 N R BT e lmous [
A | i 9/(, '“w,vf s L -
4 Oen v B ) =G ]
107k : UQ’S u;\z" 3 ; 0_4 Tl i
E : 7(/&/:—.;-‘#4“ AE i i : , c E
- 1 45N I _ i
10 5 1 -I L1 L1111 L1111 l 1 L1111 L1111 L1111 L1l Ig r i i I 8b=15561/o Y i i I I N

- - I -5 111 1111 1 1 1111 L1111 L1 1 1111 1111 1111 1111

10 5 0 5 10 15 20 25 80 1p 0 010203040506070809 1

discriminator value b Jet Efficiency

* These efficiencies depend on the n-value and p;-value of the jet

J.D’Hondt Physics in Top Quark decays

Vrije Universiteit Brussel 21-27 of October 2009 1z




220 e B-tagging in CMS
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= Comparing all methods (all b-tag discriminators/variables)

CMS Preliminary

> E I I I I I I I I I . I I I | I £
= - g ; » The better algorithm is the most
Lot Direction iof | complex one to master, namel
+—10 'E better variables\ 7. the “Combined Secondary
il j | | Vertex” variable.
o
2107E & o E: o/ affin
o' E 7 » At 60% efficiency the non-b-
! - - . . .
S T quark efficiency of mis-tag
Zi0°kL J 38 N N | efficiency can vary between
- il / ==f== Track Counting High Pur o) o)
; === Track Counting High Eff 0.4 A) and 3 /0
Jet Probability
=== Jet B Probability o
Simple Secondary Vix Soft-leptqn_ taggers can only
=~ Combined Secondary Vtx reach efficiencies up to ~20%
Soft Muon By IP . .
Soft Muon By PtRel because of the branching ratio of

[ I R R I R _ .
06 08 1 b-quarks into these leptons.

b Jet Efficiency

J.D’Hondt Physics in Top Quark decays
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77 {2 2| Effect of mis-alignment on b-tagging

BRUXELLES BRUSSEL CMS PAS BTV—O7-003 |
* The true performance of the b-tagging algorithms will depend on how

CMS Prellmmary CMS Preliminary
>‘ 1':::}:::7;::::{::::}::::;::::{::: T > 1 LS8 O 3% 5 20 O B0 O 3 g
8 _| udsg jets, TrackCounting HighEff 8 g
QD - y C @ = y ¢ -*'
£ [ AR = [ |C ov L[ 1109
61015 Udsg 1" - .." "031015 S R
R e B
- [ A4 “ - [
o] . d N 1% o) a
S 1021 o S 1023
c = c = ;5'
Misalignment scenario: . o i Misalignment scenario:
3 —e— N | | - —&— No ||
10° —— 183 im 10° —— 100nepb-1 ;
10 pb-1 ] b 10 pb-1
==¥:= 10 pb-1 Pixel L1 Off 1 ===¥=-= 10 pb-1 Pixel L1 Off
=+=@=-= Startup ] ===+~ Startup
10.48111 AN AN AN TN TE AT FA T AT N 10.4=||| AN EEE AN AR N T FTETE AN N
010203040506 070809 1 010203040506 070809 1
b-jet efficiency b-jet efficiency

= Steep improvement in performance from start to 100/pb

J.D’Hondt Physics in Top Quark decays
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77 {2 2| Effect of mis-alignment on b-tagging

BRUXELLES BRUSSEL

= Decrease in performance depends of course on the b-tagger used

CMS Preliminary CMS Preliminary
m 16Illl L UL rrrryrrrrprrrryrrrrrprrerprrreryprr o m 3.5-!III L LI Illl[llll[llll[llll[llll[llll[llll-I
7] C | udsg jets, 10 pb-1 scenario | % - | charm jets, 10 pb-1 scenario |:
8 14 - b-tagging algorithm: 'J O gaf C b-tagging algorithm: -
b - —e— JatProbabiity ‘Q-) - —e— JatProbability
(] d udsg - SimpleSacondaryVertax (0] n ---m-- SimpleSacondaryVertax
© 12 TrackCounting HighES O o5L TrackCounting HighEf |5
8 N ---%.- TrackCounting HighPur  |] 8 L + ---¥-.- TrackCounting HighPur
c 10f } o~ CombinsdSscondanyVertex [1 & E
o | 18 2
E g o i £ C
£ S £ 15f
g O e T S
© Pa B ek
e 2 - .- e 0.51
0 Ll L1l L1l L1l L1l L1l llllllllll Oll llllillll N T 1w llll
0102 0405060 409 1 010203040506070809 1
-jet efficiency b-jet efficiency

= “Simple secondary vertex” variable most robust (eg. 10/pb)

J.D’Hondt Physics in Top Quark decays
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727 {22 Measuring the top’s branching ratios
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CMS PAS TOP-09-007

= Important to test the |V,,|~1 of the Standard Model | CMS PAS TOP-09-001
(remember Tevatron gives |V, | = 1.0 £ 0.1 ... personal poor mans combination
as an illustration of the current precision from direct measurements)

= Likelihood fit of the b-tag multiplicity spectra with a function depending

o ,so0—— 11— is-tag efficiency ¢,
z% asol | _CMS simulation -
B : - -1 . .
ool | L (-T#OPET 1 Example with di-lepton events
: ] 1. Choose a b-tagging algorithm and a
300;_ ~§V\'l-/Z+jets,~~Vr~-~—; Working point
250 S dirbosonQCD 3 2 if the discriminator value is above a
2005 Single top... . certain threshold then we consider
150 | E the jet to be tagged |
ool 3. Count the number of tagged jets per
' ] event
50 | =
o ; I
0 1 2 3 4 5 6
b-tag multiplicity
J.D’Hondt Physics in Top Quark decays

Vrije Universiteit Brussel
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727 {22 Measuring the top’s branching ratios
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= Fit function uses the probability P, of observing k b-tags in an event
1_,,”[,..,]'..,[”..]”.,]”..[m.],I,.l”..,”..: = The top quark pairs decay to 2 b-jets

ogi_ B g::,ssszl':"fgtzntio; _; ] Expect 2 b_tags in the event from:

s T P,
0_7;_ %’“”z S —— e b-tags ) _; P(t%Wb,tQWb) ~ RZ 8b2
06_5@”,} = + P(t>Wb;t>Wq) ~ 2 R (1-R) ¢, ¢,
DR Lo SN + P(tOWQ;t>Wq) ~ (1-R)? g2
0o % .

osf . = . | =Ingeneral the probability to observe k
02_ . =y 1 Db-tagsinthe events is:

Probability(i b-tags)

b e o) Pc=R2P(bb) + 2R(1-R) Py(bq) + (1-R)2 P,(qq)
G 01 02 03 04 05 06 07 08 09 1

= The probability functions P, are parametrized by a, ¢,, ¢, and R
= The probability o that a jet from a top decay is reconstructed and
selected is evaluated from data

J.D’Hondt Physics in Top Quark decays

Vrije Universiteit Brussel 21-27 of October 2009 Uy




727 L2 Measuring the top’s branching ratios
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= Probability that 2, 1 or 0 b-jets are reconstructed and selected

2 reconstructed b-jets 1 reconstructed b-jet no reconstructed b-jets
(o) (o) (o)
g g

‘ﬁ? \
-4
o yy
& v 4
- £y
o &)

o, =2 o (1-a) a, = (1-0)?
probability to miss 1 jet probability to miss 2 jets

a, = o
probability to find 2 jets

= Obtained from the tail of the m ... .: SP€Ctrum (> wrong b-jets in tail)

J.D’Hondt Physics in Top Quark decays
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77 {22\ Measuring the top’s branchlng ratios
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wu0.3l_lllll-l-lllllllll T IIIIIIIIIIIIIII_ Ne] 1»- ‘i)u xllllllillllll
| S el S simulation { Y [ % %
Results for oasbl £ i i | | statonly :
“ L i 0.95
250/pb @ 10TeV ¢ : i
02l I i
E E 09.__ .............
0.15:_; = _: : ;
ke 30 0.85 _—CMS simulation ;
:;“_ to ' Bk 058
°0.2_||1||1H||1| T II TT l Tal é:‘,'__ "‘_;-'-' '—_ .
S W3 . CMSs ﬁ"'d 0

llllllllllllllllll lllllll | -
0.786 0.8 082 0.84 0.86 0.886 0.9 0'7%.

e, R

esiilt
Ctruth-

Three parameters are involved and are correlated

0.1
0.08
A total uncertainty of 9% can be reached on R.

0.06

0.04

H H H H “mtacag,, pas®t
i i H i i € i +
£ H H H H H H £ — [T S
L | 111 | L1 I I | L1 I | I | I 11! I 1l I‘T<; L
— ,".

0.02

AU LIS LA SO0 S FRO LI L

] \1:rllllllillill
0074 076 0.78 0.8 0.82 0.84 0.86 0.88 0.2 0.92

€p
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727 {22 Measuring the top’s branching ratios
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= Always check the bias of your
method (what you put in, is what
you should get out)...

Rmeasured

= Also check that your estimator
has a linear behaviour with
respect to the input parameter
value to measure

= This is to be done with simulated
events

—
—

-_""!H']!”H!””!"":""IIH.},E

—A
|

o
O
LI B

- R A S R N
0.6;- * —3

Oa_llllillllillllillllillllillllillllr

04 05 08 07 08 09 1 11

R

generated

J.D’Hondt
Vrije Universiteit Brussel
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... also from single-top events

1.96 TeV 14 TeV
(ii_rc‘a'aenioeﬁ’) 0.88+0.12 pb 10+1 pb (x10)
(f_izg;en:;ﬁ’) 1.98+0.22 pb 245+17 pb (x120)
(\f/it”fr';rfzzl) 0.15+0.04 pb 60+10 pb (x400)
Wii (%) ~1200 pb ~7500 pb (x6)
bb+other jets (*) ~2.4x10° pb ~5x10° pb (x2) b ;

(*) with kinematic cuts in order to better mimic signal
Belyaev, Boos, and Dudko [hep-ph/S808332

proton If t-channel, there is

Each channel sensitive to different signals

< ,
f an extra light quark * heavy W — s-channel
q * FCNC — t-channel
ut <= High P_muon « Ht — Wt-channel
w w - .
t v <= High P neutrino Also directly related to |V,,| to percent level
b _ (s-channel preferred, t-channel dominated
g b <— High P b-quark by PDF scale uncertainties of ~10%)
. 7 Fi0
b <e—— b-quark jet g 2350 F(t = b) 22 H'frb
- proton F(t ) VVQ) |V;‘,d|2 T |Vt.s|2 E Ve
J.D’Hondt CMS PAS TOP-09-005 Physics in Top Quark decays ~

Vrije Universiteit Brussel
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Using the constraint BR(t>Whb)=1

= We can do the inverse: assume |V, |=1 and obtain the b-tag efficiency

CMS Note 2006/013

CMS Note 2006/013

= Extra selection cuts:

E T - T T T T T -li
+ Jets from pile-up vetoed using a track-based method soaof- [T ews | €4 M\ljfb

E Oww

ICOO

= Selection of b-enriched sample:
- Several observables x; are able to discriminate between good and

0t

*Lepton+jets: S/B ~ 60 (50) for u(e) events (1 b-tag on hadronic sidezz;'_ zw i :
+ Fully leptonic (1e): leptons opposite charge - S/B ~ 4 (no b-tag) ...,  AR(b-jet,b-parton) El.é

'm-conﬂ> jir mif

T T

good

0 010?0'{040 » 06070809 1

bad jet associations 1800

+Each x; = £(x,)=(S/B)), with S, good and B, bad jet combinations '™

1400 F

(back-up 28-33) 1200f
+ Comb. Likelihood Ratio £ =11 ,(x;,) for each jet combination (35-36) '

BOO

+With a cut on L it is possible to increase the b-jet content of the jet oo}

40
sample 200f

U

C

Cambhinerd I ikelihanr Ratin
:_ Dl? (SR _E
It othes ]
= ww | -
- (ra'( 3
:_I:]Z jets E
- bad HH :
comb

"~ 2102030405 060.7080.9 I

Number of Selected Events / b Number of Selected Events |

Number of Selected Events / ity

fb! Combined Likelihood Ratio
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T

CMS prellmlnary CMs prellmlnary
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R .

e

CMS prellmlnary

O oz a6 08 1 U 02 04 ()b Ho 1 0 02 04 06 08
Likelihood Ratio Cut Efficiency __ Likelihood Ratio Cut Efficiency

Likelihood Ratio Cut Efficiency

l
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Using the constraint BR(t>Whb)=1

25—
. . . . w | CMS preliminary

+When a b-tagging algorithm is applied on a sample, a oz} ep E

fraction x,,, of the jets will be tagged ol . } E

Xiag= EpXpHEXAE X = €,X,+E,(1-X,) : k2
. . oAr '

+For certain values of the cut on ., £,(£) was determined — : o

from simulation L
+To find the optimal value for the cut on L = ., the total Ob

uncertainty is calculated: Combined Likelihood Ratio Cut
= 0'1:""l""l""l""l""I"“ SARLRARLE RARE T 0. pr T e O 0-1:' T L L L
3 0.09F Tolal b-tag unceraity _f ?a 009k Towal b-tag uncertainy = = 0.09% Total b-lag uncertainty 3
U E Statistical b-tag Lrcerainty E b - Stat=tical b-tag unzestainty 3 b E Statiztical b-tag uncertainty 3
@ 0.08F N R = 2 0.08F L e = @ 0.08F o o -
=1 s Systematcal btag uncznainty | J = ; Sysiematcal b-tag uncenainty | 3 = = Systematical btag uncertainty | 3
g 007F ' CMS preliminary / 3 S 007F CMS preliminary _ 7 S 007 CMS preliminary -
S 008 T 2 o0sf ef - 2 0065 3
= 00SE - - = 005 - = 0055 -
£ ooaf TN = S oo E 5 00a- 3
& 0.03F ) 3 T 0.03f C T 0.035 3
b3 g 1 = i ; = 3 g
- 0.02:— -Ml_-" : = o 0.02: E o 0.0Z:— E
p=24 C T - = i = o = I 3
.c_'a OOO]E,b o Lopt E '_C:, O.D[:.:‘;nnlnulnnllnxlnnlnnlnnlnnl||n|u|§ f 00;§| -1_1_:1_1‘1‘::1 PEN SRR INUEN N SR N B 1 1]1:
= 0 0050.10.150.2 0.25 0.3 0.25 0.4 = 0 0.050.10.150.20.250.30.350.40.45 05 06 0.7 0.8 0.0

Combined Likelihcod Ratic Cut

Combined Likelihood Ratio Cut Combined Likelihood Ratio Cut

+ Main systematic uncertainty: ISR/FSR and signal and background cross sections (fully lep)
+ISR/FSR and the b-tag efficiency for tagging the b-jet in the event selection (semilep)
* X,y cONtributes to the statistical uncertainty
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772422 Using the constraint BR(t>Wb)=1
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+Etimation of ¢, for 1 fb: . u sample £,=58.0+22% CMS Note 2006/013
» e sample £,=58.7%+26%
- ep sample £,=59.2+33%

+These results can be combined (systematic uncertainties fully correlated)

£, has to be parametrized as function of E; and n of the jet for sample independent g,

T P OMS Brelimihary 3 £ 'FeMS prelimipary
E o CMS prelimihary '’ S pof-SMR_Prel nary -
= DF i i i i I = E { i | i e
- SRR SN SN S U M= 5 OBf
. ! ! ! ! ! = 0.7E
& 0T :
Y o L - § 0.6 | | | |
e} E { i { { I E o5t Tt
0.5E + ek ‘ 4 : 3 -
® OE ] - , . , 3 04 (back-up 38)
= PN : - P—“ 0.3
E i i i i i —
1L ] VU ASUSNNS SN SN S— - 0.2
- L { | | | | 01E
L | S A S { i ! i i
- | | | | [ (,-....I....I....I..||I.|..I.1
[} TSR PRI PSP IFAPRPSS PPN 50 100 150 200 250
50 100 150 200 250
barrel n|<1.5 Calibrated E, b Jet Calibrated E, b-Jet endcap n|>1.5
D AJMAE IR RS B A RELRE I I UL RELLE B (el = s W L S BULELE R B RS R
4 Q - -
% 0.14 = e absolute uncertainty for 1 ! ] E 0.18 :_ —&— absolute uncertainty for 1 b _:
- :_ @ - ghsolute uncertainty for 10 ! . E :_ o absolae uncertainty for 10 ! ]
g 0.2 r bl relative uncenainty for 1 [ 1 ¥ 8) 0.16 o - redative uncestainty for 1 m! 1
= 0 ]'_ - relative uncertainty for 10 6! = .E\ 014 :— o redative uncestainty for 107 —‘:
o~ LI . . o : : 3
T - CMS preliminary £ 0.a2f CMS preliminary _ -
£ 008 "~ = : £ 1
> i _ S 0 g ]
& 0.06F - 5 S 0.08f & e 3
g 008} R 2 008F a
o r -~ . < 0.06fF _ L —— 3
0.04: e T — 3 - __‘.___j, = ]
o - 1 = 0.04 P e 1
L &9 ® e . . o . - 3
0.02p * * ] 0.02f . * =
(')- 1 la Laasl ol 1 laasl w1 (-)_A Loasl 1 1 Lo la 1 1 L.
© 40 60 80 100120140160180200 40 60 80 1001201740160180200
Calibrated ET b-Jet Calibrated E; b-Jet

*The relative uncertainty for 1 fb™ on the estimated b-tag efficiency is expected to be
about 6 % in the barrel'and 10% in the endcaps @ 14 TeV
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720 Jet corrections from top events
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= Also here we can do the inverse: assume the top quark mass as
measured by Tevatron experiments and obtain Jet Energy Corrections

% E' |:|Good|b|t|1 o """""""E * Reconstruct the W boson mass in
i 3001 | o ong comtinations 7 the t>Whb decay (with W>qq) and
250: B G i channeis ] measure the shift.

- 1« Transform this into a shift on the
2003_ 1 energy scale of the individual jets.
1505_ _f Enew — (1 + AC) ) Ejet
100 3 . Statistical precision of <1% can be

N - obtained, but at this precision the

50:_ 1 delicate systematic effects are
- important...
Tl » More clever: event-by-event rather
0720 40 60 80 100 120 140 160 4pon one distribution over all events.
my, (GeV/c?)
J.D’Hondt Physics in Top Quark decays
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Jet corrections from top events

= More advanced, perform an event-by-event kinematic fit on t>Wb

® Qur knowledge of the observed event comes from measured objects in the
final state (i = jets, lepton, ‘neutrino’).

“ this can be summarized as p, ={ E, ,6, ,¢, } (for example)
“ together with the covariance matrix V, for each object i

m Extend this knowledge p, and V, by assuming some hypothesis for the event
“« for example : m; =my, & my, =m,

® Add Lagrange multipliers A, in the 2 equation to incorporate these
hypothesed constraints in our knowledge of the event (Ap = p™ — pmeasured)

X2(p™) = ApT V* Ap +2 2 A, f(p™a)

< where we have the m constraint functions f, and unmeasured parameters a
« for the true measured and unmeasured parameters — (P, .., =0

m If the constraints are non-linear an iterative procedure is used to solve them
« the equation f (p,a)=0 are linearized in each iteration step (Taylor expansion)

“ the %2 equation is minimized ( dy?/op=0 , ay?/0a=0 , ay?/oA, =0 ) and solved
“ the iteration stops when some pre-defined convergence criteria are fulfilled

® A P(x?) is returned by the kinematic fit, reflecting the probability that the
constraints are fulfilled

J.D’Hondt
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720 Jet corrections from top events

CMS PAS TOP-07-004

* The 3 jets from the hadronic top decay are used in
an event-by-event kinematic fit

= Jet resolutions are parametrized versus p; and 1

* The constraints m,**=M,,"°"® and m/**=M,"*"? are true
at parton level

= Kinematic fit returns a P(y?) for each event reflecting |4 d
the probability that the constraints are fulfilled for m

hadronic side —» JES estimate

this event

= A whole range of JES corrections AE, & AE; (£50%)
is scanned for each event I§E1|p| constant) W

* The best estimate of the JES corrections is found by b
minimizing the function XZ(AE,,,AEjFA E.) ¢

leptonic side — event sejection/trigger

e[l o
= To reduce the process background * p:(1)>30 GeV,|n|<2.1
a tiﬂht event selection is applied 5 - 1 isolated pack-up 41)
= A likelihood ratio is constructed to ’ h
identify the correct jet combination / = non-overlapping jets:
= A cut on this likelihood ratio is made 7V AR(jet i,jet J) > 1.0
to reduce combinatorial background -
* To reduce contributions from mis- *AR(jets,u) > 0.5
reconstructed events cuts are made
onh the probability of the kinematic fit
J.D’Hondt Physics in Top Quark decays
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Jet corrections from top events

* To identify the correct jet combination four observables are combined into a LR:

(pr1+pT )I(pTI1+pTI2) 5 wrong jet comb. r[ g::p.;",:l
- AR(I1,12) “’;3 | H S
« b-value(b1)+b-value(b2) |
- P "‘a"-max(Z log(L.i(x))) with Li(X.)=S.(x))/B;(X.), i=obs,  *t0 ' J :
.. topquark events, :
= To purify event sample: P,"™ >0 *' AR(et,quark)<0.3_ .
= For each event P,(x?|0,0) (no JES corrections) )
= For each event and over whole scanned JES

had topy <P had tops, S: correct jet comb.

corrections range P,"*(x? |JAE,,AE) is calculated

@
(';’” q % posbminary

_TOP-PAS-07-004

,_IIIVIV TrrryrrosTs Trr Tir TITTI[rrIrrrIrTyrTT
| | I

« Removal of mis- g
reconstructed events:
Pﬁ,(x2|0,0) > 0.01 10%

= Requiring the JES
corrections are found in
the scanned range:
P."*(x* |JAE.,AE) > 0.98

b 01 02 03 04 05 06 07 08 09 1

P.(x*0,0)

.y
I‘LI‘['HIFLIL_[

b ) o

# events

10°F

P max

(x2|AE,,AE)

|

- -

" |
Ul L L

LU‘LnlLr:

10 01 02 03 04 05 06 07 08 09 1
maximum P(y %)

Pl %)
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V3142 Jet corrections from top events

BRUXELLES BRUSSEL

= For each event we have an estimate of the JES corrections, AE,; and AE,; (i=event)
= Events for which AE,; or AE,; > £20% w.r.t first estimate are removed:
* The relative difference between the fitted expectation value of the m,, distribution
and M,,"°" is taken as a first estimate for light jets: AE,,..,
= Difference between MC expectation values of light and b JES corrections (7%)
is used to obtain the first estimate for b jets AE,,..from AE,,...

= The P™(x?|AE,,AE)-values of the remaining events are tran

slated into x2-values

10;
CM3 prwbrinary

» The x%-values are combined and ™ « T AS_07-004

the minimum is searched for

light JES carmaction %)
o =

» Results are corrected for the
width of pull distributions

= The uncertainty reflects the
uncertainty for 100 pb™* @ 14 TeV

Method is linear (slope of 0.77+ 0.02 for light jets and 0.87%

350

+ 0.03 for b jets —» to avoid bias: corrections to be oo
estimated should not deviate too much from 0) 250
= Method is robust against process and comb. background 2::
= Method is also robust against smeared jet resolutions "
= Performance of method depends on Am,from Tevatron " ' b JES corroction (%)

J.D’Hondt Physics in Top Quark decays
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The decay of the top quark (BSM)

= Also new phenomena can be hidden in the top pair decay...

= Effects in the top quark pair mass spectrum

[T T T T | T T T T | T T T T | T T T T | T T T T ]
S do/dmg [pb/GeV] ]
N NLO, CTEQ6M, LHC i
40— m, = 170 GeV —
3 I p—
2 I p—
1 - — Central value ]
= -- PDF uncertainty .
~ - —-—- Scale uncertainties N
O i 1 | 1 | | | | 1 | | | | 1 | | 1 1 1 | | | | 1 | i
300 400 500 600 700 800

tt invariant mass [GeV]

arXiv:0712.2355v3

5 N T T I T I T T T T I T I T I-
C do/dmg [pb/GeV], @ LHC i
4= Normalized to MC@NLO, m, = 170 GeV |
N Fixed scales: p? = u,® = m}? ]
3 - Dynamic scales: pp® = p® = m? + p 2 -
2 —
C —— MC@NLO (dyn. scl) .
_ -- NLO, dyn. sel. _
- .- NLO, fix, scl, -
1 -- 10, dyn. scl. -]
- - 10, fix. sel.
1‘ 10 ; 1 1 1 1 I 1 1 1 I 1 1 1 1 1 =
1.05 - (N)LO/MC@NLO I
1.00 = — =
0.95 et ST
0.90 C_1 TR 1 I 1 1 | | I .
300 400 500 600 700

tt invariant mass [GeV]

= Lots of theory work needed to control this distribution
= Also lots of experimental work needed to reconstruct this distribution!

J.D’Hondt
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The decay of the top quark (BSM)

= Several new models predict resonances in this spectrum

Spin | color | parity (1,75) | some examples/Ref.

0 0 (1,0) SM/MSSM/2HDM, Ref. [51, 52, 53]

0 0 (0,1) MSSM/2HDM, Ref. [52, 53]

0 8 (1,0) Ref. [54, 55]

0 8 (0,1) Ref. [54, 55]

1 0 (SM,SM) Z'

1 0 (1,0) vector

1 0 (0,1) axial vector

1 0 (1,1) vector-left

1 0 (1,-1) vector-right

1 8 (1,0) coloron/KK gluon, Ref. [56, 57, 58]

1 8 (0,1) axigluon, Ref. [57]

2 0 — graviton “continuum”, Ref. [17]

2 0 ~ graviton resonances, Ref. [18]
J.D’Hondt Physics in Top Quark decays
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The decay of the top quark (BSM)

= Boson-phobic scalar (left) and pseudo-scalar (right)

| 5 1] I L ] ] T T I T T T T I ] 1] L] L] I T T T T I T L :I L ] I ] ] ] ] I T T T T I T L ] ] ] I ] ] T T I T l:
16— dolpp > (¢ ) t1)/dmy [pd/5 ce!l 12— do(pp > (¢ ) tt)/dmg [pb/5 GeVl]
- BR(¢ »tt) =1, a,=0 [ . BR(¢ »tt)=1, a, =0 ]

L LO, CTEQSL1, LHC - -~ i L_ L. CTEQSL1. LHC 1
b | Hp= pp = mg = 400 Gev 1 n : =
[ B ——  QCD only I 1

L — | __:l - —— a, =1 10 L !

= L =4 : L -—- a; =2 1 T ]
| E—— e | - a; =035 9-—_ ]

10 :_— e _l_:--_q—-—' :.-__._;m~1- - . 1 f: :
= ; — L 4
=3 = 8i— ]

P R C =2
B':__ ?‘:m—_ * - :“ =
—. I 1 1 1 1 | 1 1 1 1 I 5 1 1 3 I t I 1 1 1 1 I 1 5§ 31 3 I 1 8 1 1 l I-—-G:

380 400 420 aad 7 50 420 440 460
tt invariar :} ¢ < it invariant mass [GeV]
g £
J.D’Hondt Physics in Top Quark decays

Vrije Universiteit Brussel

21-27 of October 2009

32




20e

BRUXELLES BRUSSEL

The decay of the top quark (BSM)

1000

500

I I|IIII|

T
! |

100

50

I I|IIII|

I

10

I I|IIII|

| | | | | | | | | | | | | | | | | | | |
do(pp - (Z'/g* -) tt)/dmg; [fb/20 GeV]
Mg = My = My, = 2 TeV
LO, CTEQ6L1, LHC

QCD only
Z' Color singlet
g% Color octet (vector coupling)

g% Color octet (axial coupling)

| l|llll| | | I|Illl|

|

1500 1750 2000 2250
tt invariant mass [GeV]

2500
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72422 The decay of the top quark (BSM)

BRUXELLES BRUSSEL

100 I I | I I I I | I I I I | I I I I I I | 500
- da(pp - (G ») tt)/dm; [pb/20 GeV] -
[ 10, CTEQ6L1, LHC - M-800 GeV 1
80 C n=3 ---- M~=900 GeV ]
o ---- Mg~=1100 GeV .
i B ---- Mg=1300 GeV ]
60 — =
[ gravitons |
40 — —
20 — —
L, T
400 600 800 1000
tt invariant mass [GeV]
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7202e Top quark pair resonances

BRUXELLES BRUSSEL CMS PAS TOP_09_009 |
= When reconstructing the full event one can obtain the mass of the top-
antitop system and search for resonances X->tt

—
o
o
—
o
=

) [ - ) i ]

& i SM ttbar ] < L Z >ttbar ]

> - - > - o 3 o ¢ ¢ -

S 80 ¢ 0 o 4 ] e 80 ¢ o ° 7

© i M ] () i ]

= i 1 2 - .

£ 60r ] £ 60 .

® [, ¥ " " E g o ] ® i - = ¥ o= " ]

401~ 5 40 = -

: : : R &

2 N T I . 200 o, ¢ 04 * -

i s Trigger ; : °  Tngger ]

ok O pselection ] ok O  uselection h

i e second lepton cut ] i * secogld lepton cut ]

i v >=djets i i v >f4|_ets .

20 e  Kin Fit convergence — 20+ ® Kin Fit convergence —

I-l 1 I L1 1 l L1l l 1 lllllllllllllllllllllllll:l I-l 1 l L1l l L1 1 l L1l l L1 1 I L1l l L1 llllllllllll:l
040608 1 12141618 2 040608 1 12141618 2

Generated m_ (TeV/c?) Generated m_ (TeV/c?)

= Trigger on non-isolated muons not to loose the boosted signal...

J.D’Hondt Physics in Top Quark decays
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Top quark pair resonances

= The jets from the top quark decays in the event are chosen via a x?

minimization on the top quark and W boson mass (kinematic fit)
= The resonance mass is measured as the Gaussian fitted average

— TTT T[T ¥ I ndf 1156/5
l,2.5_— PO 0.1001+0.001848
% : p1 0.8413 + 0.003207
= =
ok
£~ [ CMs Simulation
V L
o [
c |
T
0.5
i L Reconstructed|
el Ee e I I N T P I T AT

0.40.60.8 1 1.21.41.61.8 2
Generated m_(TeV/c)

c)

> (TeVi

Reco + Kin Fit<m

N
w

—
(42}

—

N L

Q
m T

¥ I ndf 211.4/5

p0 0.05016 + 0.001434

pl 0.909 + 0.002689

CMS Simulation

® Reco. + Kin Fit |:

;
[ En i namnmm

040608 112141618 2
Generated m_ (TeV/c)

0.25—

0.05f

T I T T I T T T I T T

CMS Simulation

L]
? " i
i ’ LI
¢ i } { p
4 -
1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 1
04 06 08 1 1.2

Generated m_ (TeV/c)

= The jet resolution is relatively improving with ~35% by use of the

kinematic fit
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7202e Top quark pair resonances
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* The improvement from the kinematic fit visual...

c llllllllllllllllllllllllllllllCOHSI.1.7€+-O2:7 -E :Il”'ll'”'””I"HIHHI'”' Const.1.4e+02+ 6

S,00L. CMS Simulation Mean -78+28 G160~ CMS Simulation Mean 1126

‘E - + Sigma 64+ 37 ‘qé; - Sigma 81+47

4 i Const. 1.4e+02+5 D 140 Const.1.2e+02+ 5

— B ® Reconstructed /\, Mean -4.4+31 - ® Reconstructed Mean -48+ 45

150~ 4 Reco+KinFit |\ |sigma 85:39 120F 4 Reco+KinFi Sigma 1 2e+02+ 6

i ' 1 100f- 3

100:_ : _ 80;— 1000GeV _

- 500GeV i/ }'\ : 60k + + E

50 Ll K} . 40f {4 =

: #i## i ; 20+ #ﬁim. + i =

Lt o oyt Y Wiy,
E_U_MIIIIIIIIlllllllllllllllllllrm O

-gOO -400-300-200-100 O 100 200 300 400 -500-400-300-200-100 O 100 200 300 400
Reconstructed - Generated m (GeV/c?) Reconstructed - Generated m (GeV/c?)

= The kinematic fit reduces the bias on the measured mttbar and
improves the overall resolution
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* The new physics is visible above the Standard Model background

— T T T T T T T T T T T T T T T T —— 30 LI I LI I LI I LI I LI | LI I LI I T
- | | ] L -
© f CMS Simulation 8 CMS Simulation :
= 250 L =100pb’ B : B — e— — 95% C.L. Expected Limit 7
8 - —— Z/(750 GeV) ] m 29 ) o o ' ]
<~ : _______ 7(1000 GeV) : ><‘ : —e—— 95% C.L. Expected Limit with systematics :
LO . Z(1500 GeV) || N L +1¢ Expected Limit _
f 200 B <eoe (2000 GeV) i © 20 __
i 2] - B z+jets . - =
o Bl W+ jets || B -
150 | .- - _
|_?>_)| B B semi muonic it ] 1 5: ]
B non semi muonic tt | | - .
100 aco N 10 -
50 - 5F- ]
..... e - 100/pb @ 10TeV

0 500 1000 1500 2000 22500 0 800 10001200 1400 1600 1800 2000
m, (GeV/c?) m, (GeV/c?)

For illustration purpose the Z'->ttbar cross section is set equal to the
Standard Model ttbar cross section
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y¥14 7= Top quark pair resonances
BRUXELLES BRUSSEL CMS PAS JME-09-001
= Reconstructing and identifying boosted top quarks is not easy

How to identify the decay t>Wb->qqb

HCAL Deposits s
. S in this collimated top?

B DR B Reconstruct a “super-jet” with

the Cambridge-Aachen
clustering algo with R=0.8 in
the algorithm’s metric

Subjéts

d;=AR;?/R?
= Now we have the “super-jet” which should reflect the top quark

= Reverse the clustering sequence, by throwing out clusters which are
soft (less then 5% of the “super-jets” p;) and this to find sub-jets in

the “super-jet”

J.D’Hondt Physics in Top Quark decays 39
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7202e Top quark pair resonances
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= Selection window on “top quark” and “W boson” mass

IM' CMS Prellmmary
c | D l‘l L | AR ass
L o =
g 0.08 E
0.07 =
— Tep, Z = 2000 Gov/e :
0.08 3
0.05 3
004 4 I &% 0 e Generic QCT, P, = 500-900 Geic _f
0.03 =
0.02[ : =
| 5 | Minimum 2-Subjet Mass, Top 3 p Subjets | ~us prelimi —

0.01_5 _-4 012-'-‘ T T A | L B B v]v._4

.. adedadl i - I PO Y E '% "': —

0550100 150 200 250 300 350 400 450 500 8 01f % ]

Jet Mass (GeV/ic?) % e —— Top 7 = 2000 Govre ]

0.08__‘; . .

0.06 :_‘ ------ Generic QCD, f, = 600-900 Gevis ‘:

eg. Z' decay to top pairs 0.04 [+ .

eg. QCD bck (generic) - E

020 40 60 80 100 120 140 160 180 200
Jet Min Mass (GeV/c?)
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Top quark pair resonances

= Resulting top-tagging efficiency reaches ~50% for p>700GeV/c

Efficiency

CMS Preliminary
LN BN BB
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]llll 1IIII A
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TII]I

T[lllflllll 1TITI

0.1

-

x =
o

%

x

P

L I L L I L] L ] ]

Lil

Simulation

Smoothed Fit + 6.5% Systematic

lllll Jllll

llll

46% for p > 600-700 GeV/c

.

98% rejection of non-top jets with p;=600GeV/c

P Y PR R | | Y T B

<

200

400

600 800 1000 1200 1400 _ 1600
Jet P, (GeV/c)

= Mis-tag rate can be controlled via data-driven methods.
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77022 General searches with top events
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= Several differential distributions can go beyond
testing the Standard Model and are sensitive to CHS Prtiminary @ 10pb"_[am o

new physics Poice
= We need to understand the SM part of the -
distribution before we start looking in the part
sensitive to new physics
* Including the systematic effects...

Entries
: L L

_+_

_+_

0 50 100 7 - 7 200
. | M(W) [GeV/c?]
- xamp es: * Pseudo data * Pseudo data
CMS Preliminary @ 10pb™ |-ﬁ(signal) CMS Preliminary @ 10pb™ |-tf(signal)
HT’ MET, thop, thtbar, 'g _ Bt (othen é N Egﬂﬁ%ﬂ
pTIept, mll’_ mT(I+MET)a E 10 E 10| "
topo. variables, ... ' J{ J{
= Need to increase the 1} 1 J[
activity and ideas in this e o P TTETra———
direction H, [GeV] E, [GeV]
J.D’Hondt Physics in Top Quark decays 49
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77422 General searches with top events
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** Di-lepton top quark pairs have a clear topology
Q 2 b-jet and 2 isolated leptons with a different charge, selected with a large S/N
O exploit the performance of the lepton isolation criteria (CMS Note 2006/024)

*» Motivation for this search
O FCNC (in SM suppressed,
Z’ bosons in Topcolor assisted
Technicolor (TC2))
Q from top- and techni-pion in TC2 models
4 in MSSM from for example gluino pairs

CMS Note
_IIIIIIllllllllllllllllllllll2006/065

| Cross-section significance for 30fb™ -

ficance

ni

) P

.....
-
-

i
L1

Sig

o

«» Variable to be measured is R = N**--/ N+

O ratio of events with a pair of leptons with
same and different electric charge 1
O most of the systematics cancel in the ratio

— u* u* channel

at 30fb-" a pp>tt cross section of S I R et et channel
1pb becomes visible as a 50 effect /A R u* e* channel

OntheratiOR 10_15':|1|||v|||||1||l|| [ 1 [ 111
1 2 3 4 5 6 7 8

o(pp = tt/tt) (pb)
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20e Not covered...
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= Many important analyses are not well covered today within CMS, hence
consider this as a shopping list for newcomers!

W polarization (using the cos6* distribution)

Spin correlations between the top and anti-top quark
Mass difference between top and anti-top

The electric charge of the top quark

Fourth generation quarks (t’)

The fully hadronic channel

Using matrix element tools rather than a kinematic
fit

Forward-Backward charge asymmetry

Top quark width

= All of these topics cover reconstruction issues, Standard Model issues
and can search for new physics phenomena... hence an excellent topic
for a small group of students and senior people!

= Most of these analyses are documented at the Tevatron or ATLAS...
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7702 Putting the pieces together...

BRUXELLES BRUSSEL

* Top Quark physics is the key topic for
the Tevatron and will be the key physics
topic for 2-10TeV LHC collisions

= An understanding on the full process,
from production over properties to

decays, has still to arise
= The first measurements at the Tevatron

do not reach the precision to discover
new phenomena, the LHC data will open
a new window on this heaviest quark

= An important ground for understanding
the physics and reconstruction tools in
hadron collisions
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Some important publicity...

TOP2010 Conference

30th of May - 5th of June 2010
nggge, Q%e(gium
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