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Interesting physics with Top quark

— b

v,Q
PRODUCTION PROPERTIES DECAY
Cross section Mass Branching ratios
Resonances X—»tt Kinematics Charged Higgs (non-SM)
Fourth generation t' Charge Anomalous couplings
Spin-correlations Lifetime and width Rare decays
New physics (SUSY) W helicity CKM matrix elements

Flavour physics (FCNC) Spin Calibration sample @LHC
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Differential cross section

« Measure differential cross section
— Test perturbative QCD 1 datf
— Test BSM scenarios (Z' decays, etc) with narrow resonance 047 dX

« Reconstruct event kinematic properties

» Cross sections measured as a function of p;, n, invariant mass of the final
state leptons, the top quarks, and the tt system

« Good agreement found in dilepton and lepton+jet channels CMS-TOP-11-013
CMS Preliminary, 1.14 fb' at\'s=7 TeV CMS Preliminary, 1.14 fb' at\'s=7 TeV CMS Preliminary, 1.14 f5' at\'s=7 TeV
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Differential cross section

» Measure differential cross section 1 do.-
. tt
— Test perturbative QCD
— Test BSM scenarios (Z' decays, etc) with narrow resonance Ot adX

« Reconstruct event kinematic properties

» Cross sections measured as a function of p;, n, invariant mass of the final
state leptons, the top quarks, and the tt system

« Good agreement found in dilepton and lepton+jet channels CMS-TOP-11-013
CMS Preliminary, 1.14 f5' at\[s=7 TeV CMS Preliminary, 1.14 ft5" at\[s=7 TeV
|': 1 FYrrJlrtrrJrrrJryrryrrryrrryvrvr73 ',: 1 :' LUNL B (L DL L B (LA N AN (LN AL NN (LA AL NN L ANLANL N (LN BN R
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Jet multiplicities: test of pQCD

» Jet scaling tests QCD: PDF evolution and running o
— useful to constrain initial state radiation (ISR) at the scale of the top quark mass
— provides a test of perturbative QCD in a new energy regime

« Study multiplicity distribution of reconstructed jets
— Analysis performed in the single lepton channel

* data in agreement with signal ttbar MC distributions
« Comparison with different ISR MC samples

. T .
Uncertainties dominated by JES ATLAS-CONF-2011-142
T = 2 ' LT !
'_g E esjets ATLAS Preliminary ® Data2011 3 > 0P ATLAS Preliminary JLdt: 0.70fb" H
5 - Ldt=0.70 b <25 Els‘f/ ets 7 3 1 = R esjets 3
= i pr'>40 GeV Wlother bkgd. | B — .
S 10°F moooaes 5 After background [ - s .
i . - subtraction - P>t GeY N T
, - 102 k< T —4— Data 2011 |
10°E~ = ﬁ W SRS £ MC@NLO E
B F— SN \\f N il MC@NLO=(AcerMC ISR up)
Z : [Ell MC@NLO-(AcerMC ISR down) NN N
(@] = .'
Q = = z 14E
S 12E oy % §12 W
-—  m— R 7 1 D -5 -
8 1E ; ; *'-_!E'!:' S 08f S
E o a8 08

1 2 3 3 5 >6
Reconstructed jet multiplicity
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Spin correlation

 Important tool for precise studies of top quark interactions

* Top quark produced are not polarized
— ...but spins between quark and anti-quark are correlated

* Top quark decays before spins decorrelate

— Top quark decays before hadronization (t~10-2° sec) = spin information transmitted to the
decay products (W boson, b quark)

« Spin correlation depends on the production mode K = n** " n’*+
+=F

- 3 -

1 do
o dcosB,dcosb,

=l(1+1{cost9l cos@z)

........... Off Diagonal Basis

« Analyze spin using angular distributions of decay products
- 0, and 6, are the angles of decay products wrt a “quantization axis”
— value of x depends on spin basis (for example, off-diagonal vs maximal)
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Spin correlation

« Spin correlation may differ from that expected in the SM
— top quark decays into a charged Higgs boson and a b quark (t—H*b)
— Other BSM scenarios

Michele Gallinaro - "Top quark properties" - March 12, 2012 8



Spin correlation: Tevatron vs LHC

A= N.;+N,—N; —N
N7+ Ny + Ny +Nyq

t
q t 351 .4 t g t

7 s

a_ = _ * » 3 _ K
t t
Tevatron LHC
* dominated by qq annihilation * dominated by gg fusion
* tt pairs close to the threshold * tt pairs far off the threshold
e beam axis as spin quantisation axis * helicity basis as spin quantisation axis
NLO QCD: A = 0.78 NLO QCD: A = 0.32

Bernreuther, Brandenburg, Si, Uwer, Nucl. Phys. B690, 81 (2004)

e optimised “off-diagonal” basis * maximal basis

complementary between Tevatron and LHC
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Spin correlation

- Access spin information via the angular A = Niike = Nunlike
distributions of its decay products Niike + Nuyniike

« Most sensitive probes are leptons and d-type *5500?_' . data  Dilepton channel]
quarks L Dg (A=0) ATLAS Preliminary;

- Strategy: fit A¢ dilepton distribution with binned 400 == pyejers J Ldt =070 6"
SM distribution and in the case with . fake feptons S

uncorrelated spin distribution
 Translate result to maximal/helicity basis

* Main systematics: ISR/FSR and signal
modelling

» Results in agreement with SM:

_ +0.13 SM
Ahelicity —_ 0 34: :I: 0 07sta.t —0.09 syst Ahelicity — 0. 32 ATLAS—CONF—201 1-117
0.18 SM
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Top quark charge

* top quark is the electroweak isospin partner of the bottom quark
and is expected to have a charge of +2/3 e
 Use lepton+jets final state .
~ 2iqili Bil*

» Measure charges of W and b quark Qb jer = S |- i|*
— assign charge from semi-leptonic b-decays

— Establish correlation between charge of the b-quark and a weighted sum of
the electric charges of the particles belonging to the b-jet

— Dilution: B-oscillations and presence of semi-leptonic c-quark decays
 Define two categories: +2/3e and -4/3e
 Pair b-jet to top quark charge

CMS Preliminary \'s=7 TeV L=4.6 fb™
T

* data -
B tt p+jets(signal)
[ tt eft+jets

[J tt dileptonic

[ single top

[ W+jets

[ Z+jets

Number of selected events

&
LT W - &5
2 =) (=] p QO | qb
(&b » - ‘ - « 2 » ‘ e 2
&2 I [
& 1 2 U 5
¢ qb lep '8 lep ‘8
qf =qp+qb v qE =qu-qb
(a) (b)
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Top quark charge

« Scenario with exotic top of charge —4/3 e
would correspopd to an_asymmetry between . _ 1 New— Neu— < Nag > Ds
the two categories of A = -1 Ds Nov = Noi— < Npe >

* Measure:

Ameas = 0.97 £ 0.12(stat.) & 0.31(sys.)

CMS-TOP-11-031

* Exclude exotic quark with charge -4/3 e o\ ,.CMS Preliminary \s=7 TeV L=4.6 b
:g 10.1g-vvvlvvv'vvv'vvvlll'l"'l""vvvlvvv'vv-? g +2/3e (stat.) E
= ATLAS e o - -4/3e (stat.) .
8 - Preliminary Ldt=0.70 ] < 0.15F " — +2/3e (stat. + sys) =
o 2 > '
- 10°F E| o= - L - -4/3e (stat + sys.): .
— F = c - | i i
Z . - SM top quark g Exotic quark 73 3 " | | i
g 10%F E E Z 0 5 ' '
X S = s 0.1 P Lo =
- al E | § - A L .
10°F 2 E o
- 8 E o
-5 = i
10°k E| 0.05[- -
o'k ATLA$-CO :
PP P PR B | PO BT PR PR B N E——— - 3
-1 -08 06 -04 02 0 0.2 04 06 08 1 | I PR M B S O . PSP
. -2 -1 0 1 2
Qo> A
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Charge asymmetry

* In ggbar—ttbar (Tevatron): top quarks are emitted in the direction
of the incoming quark, anti-top quarks in the direction of the
iIncoming anti-quark

* No asymmetry in gg—ttbar (LHC)

SM: Only small asymmetry due to ISR/FSR

New physics: production mechanisms with new exchange bosons
could enhance the charge asymmetry

Tevatron top LHC
anti-top

top
anti-top

n n

Michele Gallinaro - " lop quark properties” - March 12, 2012 13



Charge asymmetry

LHC A top

anti-top
* Quarks have larger momentum than anti-quarks
» Anti-quarks from sea tend to have lower x .
— larger average momentum fraction of quarks leads to an excess of top quarks n

produced in the forward directions
« Charge asymmetry transfers boost difference to ttbar final state

 Effects at LHC are smaller due to larger gg—ttbar contribution
 Variables sensitive to the asymmetry are:

Alnl=ln{~Ind  Alyl=|y ||y Ay'=y.~y:
» At LHC, asymmetry defined as: A — Nt — N~
7 Nt +N-

N*(N7): number of events with positive and negative values in the sensitive variable

Michele Gallinaro - "Top quark properties" - March 12, 2012 14



Charge asymmetry anomaly

« Tevatron experiments observe a differential dependency on charge
asymmetry
— Sign of new physics?
A, of the Top Quark

2 N. Ki is, L
July 2011 At high mass, a 3o discrepancy
[ V. Ahrens et. al., (** submitted to a journal)
arXiv:1106.6051v1 (2011) L
e ( prelminary) « Study asymmetry vs mass of ttbar system
arXiv:1107.2606 (2011)
; parton level
CDF LJ | @  0.158%0.074 (:0072+0017) Forward-Backward Top Asymmetry, % o .
: (5.3 7 Reconstruction Level o _ CDF Run Il Preliminary L = 8.7 fb
m_ < 450 GeV <"‘- - —— |+Jets Data
& 06F oy =(15.6+5.00x10" /
——1 B 13 . N
CDF DIL* —— D@, 5.4 10" 7.8+4.8 - (Correlated Uncertainties) P
0.420 + 0.158 (£0.150+ 0.050) 05F — NLO (QCD+EW) f
(5.117) —e—— - oy, = 3.3x10°
CDF, 5.3 b -2.244.3 04
CDF combined* —@—  0.201+ 0.067 (£0.065 + 0.018) m; > 450 GeV 0.3
(+ stat + syst) -
D@, 5.41b™ 11.546.0 0.2
P —e— 01
DO LJ** —@—  0.196 + 0.060 +gg;§ CDF, 5.31b 26.61’6.2 -
(5.41b7) eyl o S T R A IR R B
R E O RS I %50 400 450 500 550 600 650 700 750
-10 0 10 20 30 Parton Level M_ (GeVi/c?)
l I l I I
-0.4 -0.2 0 0.2 0.4 0.6 0.8
Afb
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Charge asymmetry

» Use lepton+jet final state

* Measurement is based on the fully reconstructed 4
momenta of top and anti-top in each event

: ) l : I H ! H I I I I l I ' I I I I I ' I - F T 1 UL T T T 1 T T 1 L — T T 1
> - CMS Preliminary 1 = C I | | \ T §
= 1-47m 'at\s=7Tev Do _| 3 035 ATLAS Preliminary e+>4jets (= 1b tag) ]
) - 2] - a
= | A_=0.004 + 0.010 POWHEG Simulation ® oaf JLdt=104 fb’ S eaNLe ]

T I+jets A
-8 B 7 C ]
- | 0.251 -
L - -
~ L | L _
0.2— —
_._.—Q— - -
0.5— — C | l ]
- * 1 oasp 1 =
i ) | 0.1 =
= =ﬁ 0.05 :_ + —
0 | 1 | 1 1 | 1 1 1 1 :

2 -1 0 1 2 0_ 11 1 1 | 1 1 1 1 I 1 1 11 I 1 11 1 l L1 1 1 I 1 1 1 L ]
|yt|-|y | -3 -2 -1 0 1 2 3
t Aly|

ATLAS-CONF-2011-106 —0.024 + 0.016 (stat) + 0.023 (syst)
CMS PAS-11-030 0.004 £ 0.010 (stat.) =0.012 (syst.)
Theory prediction (SM) 0.0115 = 0.0006
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Differential charge asymmetry

CMS PAS-11-030

» Asymmetry measured in p+, y or invariant mass of the top pair
system

« Good agreement found between data and SM expectations
within uncertainties

< - CMS Preliminary | . : < - CMS Preliminary ' e pam -
- 47 at\Ns=7TeV  EFT . 0147 at s =7 Tev - ’
- lHets —— NLO prediction 7 - I+jets —— NLO prediction ]
0.05— — B 3
- i 0.05— A
m g B -
- : . O 7
oF I = i ]
i | ] B .
i I ] -0.05~ I .
: 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 :

s T T 300 400 500 600 700 800
0 0.5 1 | 1.5 m_ [GeV/c?

Yﬂl %
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Top quark mass and constraints

* Top quark mass is a fundamental parameter
of the SM

— Known with good accuracy from the Tevatron:
173.2+0.9 GeV (arXiv:1107.5255)

— Indirect constraint on the Higgs boson mass
via EW corrections

= my=92>% GeV or <161 GeV

H
W W
"". \J \ Va\V

dmyy,ocm,? dmyyeclog my,

*Top is the only fermion with the mass of the
order of EWSB scale

*Measuring precisely m,, and My,

— Test consistency of SM
— Search for new Physics

Michele Gallinaro - "Top quark properties" -

6 March 2009 M i = 1.63 GeV
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Nx |
g 37 i
2 - —
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Top quark mass and constraints

* Top quark mass is a fundamental parameter
of the SM

— Known with good accuracy from the Tevatron:
173.2+0.9 GeV (arXiv:1107.5255)

— Indirect constraint on the Higgs boson mass
via EW corrections
= my=92>% GeV or <161 GeV
H
W W

\

FUVA VUS VU

dm,ycm,? dmy,xlog m,,

*Top is the only fermion with the mass of the
order of EWSB scale

*Measuring precisely m,, and My,

— Test consistency of SM
— Search for new Physics

80.5

80.45

80.4

W Mass (GeV)

o)
o
(&)
(&)

80.3

1

6 M. = 163 GeV
| (5) _
5 2 & Aayay = |
R — 0.02758+0.00035
i % % - 0.02749+0.00012
4 - 1 iees incl. low Q2 data —
Nx |
3 3
2 - _
1 — —
0 Excluded o /" Preliminary
30 100 300
my, [GeV]
February 2012
MM B B e B B B e
. O LEPEWWG (2011) 68% CL (excluding Mw,m & direct Higgs exclusion) -
- @ 68% CL (by area) M, (2012), m = |
— ,_‘\‘?3 -
— N —
N ‘\‘\“’L i
b QQ =
n Nﬁ .
e L B
- & N
Codt o U e e a1
55 160 165 170 175 180 185 190 195

Top Mass (GeV)
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Jet reconstruction in Top events

* Top mass measurement needs parton information, but we ca-af__ -1
measure jets z
» Use calorimeter information to correctjets to particle level -

b-jet

__________ L ——— y
// “ K /s
E"s ) "
g K “.-. ’
~— = ’
/ o = L) ’
W ——— ’;* < Y
I : %
— q I ) ’

2 — N 7 A
Ko g % g
Roge! : \ :

\ / '\@‘ . \ |
/—’S. —. 10-CMs preliminary,';!Qpb1 , \l_ 7 TeV
A §, lTotaI uncert ) 1
pjets /1N N 9 Total MPF E
ST A ‘E 8- particle flow jets ~ Photon scale -
: : : o Anti-k 05807 . orrapolation 4
- Jet energy scale (JES) is the main source of uncertainty g7 TP
e iy 6 —:
— Look at quantities insensitive to JES (e.g. lepton p;) § . CMS-PAS-JME-10-010 :
— “b-jet” tag helps reducing number of permutations g 4
« JES “in-situ” calibration in ttbar events 2 3
— Use W=jj constraint to measured W mass g 2\‘
— Can be used in lepton+jets (and all-hadronic) channel < 1T “-.zu;u S
0 2030 100 200 1000 2000
p. (GeV)
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Top as a calibration tool

W. 1tag
 Top quarks can be used as calibration tool ';f sof- o A
— Top mass, W mass, b/q jets S sof =::z:*'°"‘“i"“”'=”mev‘
- can determine: £ wf |
— b-tagging efficiency 9 sof
— Jet energy scale 20
...or alternatively... ™
* use b-tag as a probe ¥ B0 90 A s (Vi

— compare rates in different b-tag multiplicity bins
— is the signal, ttbar or not?

« BSM may appear in the sample and “distort” the distribution

Michele Gallinaro - "Top quark properties" - March 12, 2012 21



Jet energy correction from Top

estimate JES

» Use semi-leptonic events
—1 isol u (p;>30 GeV)+24 jets (40 GeV)

» Estimate jet energy corrections by
applying event-by-event kinematical fit to
W and Top masses

* Likelihood is used to assign jets

« Kinematical fit returns P(Xz) ................................. e —

 Find best JES by minimizing x? *

=with 200/pb can reach 1% on JEC j

NX 500 J . . )
9 0 CMS simulation

hadronic
side

400( =

350

300
250 :
200
150
100}

50 CMS preliminary

event selection

- -
Y a0 -20 0 20 40
light JES correction (%)

I{eptonic side
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Measuring the top mass

Challenging:

» Lepton+jets

 undetected neutrino
* P, and P, from E; conservation
* 2 solutions for P, from M,=M,,

* leading 4-jet combinatorics
* 12 possible jet-parton assignments
* 6 with 1 b-tag
« 2 with 2 b-tags

* ISR + FSR

» Dileptons

* (less statistics)
 two undetected neutrinos
* less combinatorics: 2 jets

Michele Gallinaro - "Top quark properties"
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experiment sees:

- March 12, 2012 23



Lepton+jet channel

» Best channel (for now) to measure top quark mass

« Compromise between large branching ratio (BR=30%) and a good
background rejection

« Well defined final state (1 lepton, one neutrino, 2 b-jets, W—qq’ )

SATLAS

JLEXPERIMENT
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Template method

» Choose a variable sensitive to top mass 0.14 e e

. . . . . E L Emmp=160GeV i

* Predict the distribution with MC templates vs top mass @ 0.12F ) m,, = 170 GeV

. . 5 - Bl m,,, = 180 GeV -

» Evaluate likelihood for each top mass 2 o1 W m,, = 190 GeV

. . . . o - sig

* Maximize likelihood 2 o008t ]
. . . g - ATLAS Preliminary

« JES is dominant source of uncertainty S .06 \s = 7 TeV Simulation ]

S - ]

« Complementary methods developed to reduce JES uncertainty: -
— 1D template analysis is based on the ratio R;,=M(jjb)/M(jj) :
— Template fit to m,, from kinematic reconstruction
— 2D JSF template analysis: simultaneous fit to m,,, and JES

0.02[ 4

1.5 2 25 3 35 4 45 5
R

32

simple reconstruction method:

40 s e -
3 ATLASPreiminary  *  \s=7 TeV data My,,®* = jet triplet that maximizes p;
g ® [ R Best E" tfad;gm:"d , m,,®®° = untagged jet-pair, or jet pair
- L=35 Best Fit tt + background | . .
z % P M. = 166.7+ 50 GoV with DR in the top rest frame
25| L2 .
20| : ” R
utjets |
15}~ -
10 160 165 1"?'3 [Ge‘:']"s 7
5 e (GeV]_|
0 . r s P )
" 2 3 4 5 6 7 8
Ras
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Template analysis

ATLAS Preliminary = \&-77ev2011 Daia

CJim « 1725 GeV

Events / 8 GeV
I N
o
(@]
T

- 2-d template analysis: m,,, and Jet energy Scale Factor (JSF) 0-70 for =
determined S|multaneously from distributions of reconstructed - cco ©o0)

dbosons

mtop and myy 300} ‘ Uncenainty -
 Take information from hadronically decaying W mass to

constrain JES 200
— in-situ jet energy rescaling, determine my,, 100}
* How is the association done? 0760 150 200 250 300 350 400
— jE?ch light jet pair with 50<m,,<100 GeV is combined with b-tagged _ ,,ATLA.S’.QQN,',:, 2'011 '1'2'0”'71{",',,' [Ge\{]
@ ]
— Triplet with maximum p; is chosen as top candidate C 2501 ATLAS Preliminary é;ﬁ:fl’?i“’;é;?‘“ -
— Measure mass of hadronic top: t=W(qq’ )b g 200 ' =;n;:p | 3
— 2-jet inv. mass constrained to m,, ([',=2.2 GeV) > 4 —— iy ]

Uncertainty

- Signal template: for m,,, and my, 150
« Background template: includes single top, mass-dep. 1005_

- Fit data (i.e. m,"e°) to sum of signal and background PDF sof-
(probability density function) .

gO 50 60 70 80 90 100110120 130
Mg [GeV]

Michele Gallinaro - "Top quark properties" - March 12, 2012 26



Lepton+jet

channel

* in-situ calibration of the light quark JES from W— qq’

Events / 10 GeV

ATLAS: template fit as function of CMS: kinematic fit + “ideogram” method

JES and top quark mass

[ vrr ¢+ rrrr[ ¢ ¢t 11 [ T 1T

800 =

- ATLAS Preliminary 3
L = u + jets =
600 L dt = 1.04 fb" -
500 — Paig + Puig —

- £\ bkg 3
400 ® Data -

= JSF = 0.986 + 0.006 E
300 - Mg, = (17502 0.9, o) GeV ]
200/ ....... =
100" el =

M R b PP el kot oy
100 150 200 250 300 350 400
iz [GeV]

combine event-per-event likelihood
CMS preliminary, 4.7 tb™', \s=7 TeV

R

170 172 174 176
m; [GeV]

=>m,,,=174.4 £ 0.6 (stat) £ 2.3 (syst) GeV
172.6 £ 0.6 (stat) £ 1.2 (syst) GeV

ATLAS CONF-2011-120
CMS PAS-11-015
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Dilepton channel: challenges

» Combinatorics
— ldentify top quark decay products
— Ambiguity
— ISR/FSR introduces further complexity for selection
(~70% of the events have both b-jets reconstructed and selected)

» Missing transverse energy
— Constrains the contribution from undetected particles
— In the dilepton channel: 2 neutrinos = E?"ss - p'!r ot f;‘%

« Jet energy scale

vV

— my,, reconstruction requires measuring the parton energy
— parton—jet affected by resolution and absolute energy scale Different

M, v
. hypothesis
* Pile-up

— Jet energy scale, MET measurement, extra jets/leptons

— Npjeup™ 2.1 (6) for most of data collected in 2010 (2011)

Michele Gallinaro - "Top quark properties" - March 12, 2012
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KINb and AWMT methods

KINDb

 Full Kinematic Analysis
» Equations solved for each lepton-jet combinati
* p, distribution is assumed

» Accept solutions if two decay legs agree within
Amy,,<3 GeV

G000 T T T T T T T T T T T T T T T T T T T

(3] - ]

= 900f- CMS =

R - Run:143962

S goof-

© g Event: 227:244363110

% 700f =

= - .

O 600 Combination 1 —

=

S 500

n - JHEP 07(2011)049 3
400f -
300 ; Combination 2 _E
200f- x
100 =

L ] R AN AVRVRVTN oo VS R
P00 150 200 250 300 350 400 450 500

Top quark mass [GeV/c?]

AWMT

« Analytical Matrix Weighting Technique

pnlterate over values of m,,, hypothesis from
100 to 700 GeV

— solve kinematic equations for fixed values of
Miop

— Assign weights to each solution based on pdf
and kinematic quantities

w = (Y F(x1)F(®)} p(Ef. [m)p(E;- |m:)

* From inclusive weight distribution estimate
top mass

* For each event, take value of top mass with

highest sum of weights (m )
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Reconstructed mass

CMS-PAS-TOP-11-016

Process Pre-selection KINb =1 b-tag > 2 b-tags
. e | | |
Select events Di-bosons 73+ 14 55 + 10 18 + 4 4+1
Single top 247 + 92 182 + 68 88 = 33 76 =29
. - | || |
Reconstruct mass Witjets 22 + 10 16 + 8 8+ 6 -
Z/vy* — bE 1091 + 97 756 =71 238 + 29 47 =11
other tt 32+ 4 28 =3 11 +2 14 =2
tt dileptons 5057 += 463 4209 = 385 | 1379 + 127 2623 = 240
total expected 6522 4482 5246 £ 398 | 1742 4= 134 2765 =+ 242
data 6358 5047 1692 2620
< S U I S S | &‘400:"'\""l""l‘"'l'"'l'"'l""_g;aéth'*"l"', e 300 T T T
S 700— . _ - £ di —] L - o 5 _ } e = % - T f T T T T 4" data T -
3 = CMS prellr:mnary,\fg 7 TeV,I L=2.21fb = ::t::ffitons ] E 350 :_CMS preliminary,\s=7 TeV,I L=221b" ; tt dllep_tons 3 3 T CMS preliminary,Ns=7 TeV,J. L=2.2fo" M {f dileptons
& 600[—EVvents with en Zly +jets—s 11 S [ Events with up other tt ] 9 250 . 9 other tt .
SO00F Y+ B S F Zly +jets— |l J & “°"F Events with ee Zlv +i A
a - Bl W+jets 3 % 300— B W+jets — g r yl-l-]ets—) ]
€ 500 B Single top t F B Single top ] a [ Bl W+jets ]
@ Di-bosons 7 I_% 2501— Di-bosons § 2001— o Sl'ngle top —
400 - E ] w N Di-bosons -
E E 200; —: 1501~ 7
300[— - 150:_ _Z r ]
200f e“’ = 100; MM E 100 ee -
100E- E 50 = sof- =
200 300 400 700 800 900 1000 0 200300 400 500 800700 * 800" 600 1000 . .
my,, [GeVic?] Moy, [GeVic?] 100 200 300 400 500 600 700 800 900 1000
op My, [GeV/c?]
E S —————— S o[ - e
% 15 ] & e 2 LT
e XA I o ST RE i
0.5 [ I'& .%. N I T 0.5 at? Ty "}‘T T ] 05" PEtemati ﬁ»[ 4
0400500 500400 500 600700 600900 1000 05406506 300400 506" 600700 800 606 1000 ol AL, T T T
My, [GeVic?] M, [GeVicY] 0400506 500400 500" 600" 70680000 1000

my, [GeV/c?]
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Signal and background

» Signal component in the mass » Background component in the
spectrum modelled: simulation mass spectrum modelled with data
« Fit: Landau+Gaussian +simulation
« Categories: =1 and =2 b-tags * Fit: Landau
% as00 =TT ' MR ' ' = go.oosé—l | o —E
u>J 4000; _i (\-é; 0.007;— _;
3500;_ mtop=172.5 GGV/C2 _; :>j o.oosé— _§
3000 = — = -
- = 0.005 — =
2500 |— S = -
20005— E 0.004 - E
15005— _§ 0-0032_ —i
1000%_ _% 0.0022— _i
50();_ E 0.0013 + ;
90:) I |12|0| I I14|10| I |16|0| I I1E|30I I I2(|)0| I I22|0| I '24|0| I I26|0I I I2£|30I I I3:00 9001 | ‘12|0‘ | ‘1‘|10I | I1f|30' | I‘|8|0I | ‘2(|30‘ | I22|0I | I2¢|10I | I2f|50I | I28|0I | 3_00

Reconstructed Mass [GeV/c?] Reconstructed Mass [GeV/c?]

Michele Gallinaro - "Top quark properties" - March 12, 2012 31



Reconstructed mass

w ] §2) A | T T LRSS T T T 7]

S 120 CMS preliminary, =7 TeV.fL =23’ o 8 140~ -

. & ~data =signal - background ] @ . + + bt ]

* Top quark mass is 10 1 btag o0+ = = 2b1age (00

. m’no=170'8-’55:'|‘ : 100 - N;m =100;:é.?4? B

reconstructed in e ey : ol ¥

. " N:o:tu;n:u'n:=261 '5-'7?:44 : ao '_- e

different categories e : :

40 -
a0

 Signal and background
shapes

20

20

L L T T R T .

alssslass

?00 120 140 160 180 200 220 240 280 280 300 .QOO 120 140 160 180 200 220 240 260 2280 300
Reconstructed Mass [GeV/c?) Reconstructed Mass [GeV/c?]
w120mwm ‘n2m_u--ln--lnnul---lnnzl---l---I.--l--.I-.._
t 1 E ]
2 S w0 2 ba y 3
TN 1 b-tag (ew) h W F + = gs (ew) 3
A m,, =174.6% % 1 180 My =173.T, 5 ase
i Nygw=777.05,5 | 1a0f- N“'“'=1461'5':'§§fs—'
80— N”W":u.,:=111.9.;; - E Nt:arxz;mq.rt::so‘s-?ﬂ E
1 A ] 120 =
60 I 100 -
3 a0 _:
o ]
- aof -]
20 [ ]

[ 20f

’ | IR PRRE PN DITE DI e e W | .

?00 120 140 160 180 200 220 240 280 280 300 ?CO 120 140 160 180 200 220 240 260 230 300

Reconstructed Mass [GeV/c” Reconstructed Mass [GeV/c’]

s
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Correct for the bias

 Check and correct for the bias
in the measurement

Fitted m, [GeV/c’]

Bias

185

180

175

170

165

160

QN

_IITTTI’TTTTITT‘1]IIIIIIIIIIT

CMS

™ T——T

simulation

T

Illllllllllllllllllllllllll

.
e

) —{

160 165 170 175 180 185
Generated m,_ [GeV/c?]
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Do not forget the systematics

« Jet energy scale (JES) is the largest unc.

— JES is varied up and down and difference in m is
accounted for as systematics

— Flavor (b) specific uncertainty added in quadrature
 Other systematics:

— Difference with respect to reference sample used for
signal

— MC: compare Alpgen and Powheg with Madgraph
— Vary factorization/matching scale, ISR/FSR

Source Amyop (GeV/c?)
JES 200
flavor-JES oy
JER + 0.30
LES | iz
Unclustered ET*° + 0.43
Fit calibration + 0.40
DY normalization + 0.40
Factorization scale + 0.41
Jet parton matching scale + 0.65
Pile-up = 0.19
b-tagging uncertainty + 0.30
mis-tagging uncertainty =043
MC generator + 0.14
PDF uncertainty = 0.39

Total f%gg
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Final fit

CMS preliminary, ys=7 Tev,_[ L=23fb"

’-\x 5 : I 1 1 I 1 1 1 I 1 I 1 I 1 1 I I 1 1 1 I I 1 :

G [T g EssE myo,=173.307124 GeV/c? .

27001 L1 orelimi _ o = 1 45 top 1.23 —

3 F preliminary,\'s=7 TeV, | L=2.3 fb =tt '(:lalepfons ] 3 -

8 600 —Events with e g}y _'_’j;:s% 1 — = ' .
2 F Bl W+jets = 8) 4 - = Combined

g 5001~ B Single top  —| QO - a

i srgewe 2 E — - 1b-tag (eou) _

4005_ E o — > 2 b-tags (ee+up) -

3 E 3 — — 1 b-tag (ep) E

200(— — C 7

- ] 2.5 —— > 2 b-tags (ep) -

100 — -\ R

- 3 2 \ —

0 800 900 1000 N .

my,, [GeV/c] - \ -

E 2""""""|':+:'|""|""|"""""""" | 2

218 casventtst. b 1T + - \\ v

S af fatemteereti gl 1= N\ ey«

05406200 300" "'106' 500600700 800500 1000 - // // .

mTOP [Ge\”c ] 0.5 — - - / ]

— / -

e .

0_ .T'l“'ﬂ-l._]_l | el |4..b*'f‘-1/| ' .

168 170 172 174 176 178 )
Top Mass [GeV/c?]

Miop = 173.3 & 1.2(stat. )+2 5(syst ) GeV/c?| cwms PAs-11-016

Michele Gallinaro - "Top quark properties" - March 12, 2012 35



Boosted jet topology

. pMS Prelimina

CMS-PAS-EXO-11-006
mgT =82.75 = 2.38 GeV
miyc =82.00 + 2.22 GeV

W Top
HwJets
[Jacp

* Data
— Data fit
- -MC fit

490 pb ™’ at\s = 7 TeV

Merged Jet
% J Jet3:
: pt 47.8 GeV/c,
b-tag discriminant 4.2

Events / 5 GeV/c?

Mass jet ~ Mtop

~ Jet 2: Jet Prunin = -
e L4843 GoVle, 60 80 100 120 140 160 180 200

mass = 68.8 GeV/c2 - i

s+ 3 - Moo A Mass of W-Jet Candidate (GeV/cZ)
CMS Preliminary, 490 pb ' at\s = 7 TeV
Ay, D s s e

Jet 1 : Top Tagging o [~ T T
pt 589.1 GeV/c, L B
3subjgts, > E
:ﬁ‘ﬁa's;ieg{,g%/g\:f,& 8 6 m2A™  =175.52 = 5.97 GeV
) - mye =171.35 = 4.97 GeV
2 °F WTop
& 4F EwJets
. : ) . > - [lacb
U§|ng tqp .taggln.g | v 3 ‘ - Data
« Still statistically limited oF- — Data fit
. . 2 - - MC fit
» Could provide precise measurement 1E
* Need to understand biases O I Y R

Mass of Top Jet Candidate (GeV/c?)
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Tevatron measurement

Mo = 173.2 £ 0.9 GeV/c? (0.5%)

Global EWK fit:
M, = 92755 GeV, or M,;<161GeV

«direct searches: M,>115.5 GeV, M;<127 GeV

= fit suggests SM Higgs is light

Mass of the Top Quark
July 2011 (* preliminary)
CDF-I dilepton ¢ 167.4 +11.4 (£10.3+ 4.9)
D@-| dilepton e 168.4 +12.8 (+12.3+ 3.6)
CDF-Il dilepton | 170.6+ 3.8 (£ 224 3.1)
D@-1l dilepton N o 174.0+ 3.1 (+1.8+25)

CDF-I lepton+jets

D@-1 lepton+jets

176.1+£ 7.4 (£5.1+53)

180.1£ 5.3 (£3.9+3.6)

173.0+ 1.2 (0.6 1.1)

1749+ 1.5 (£08+12)

CDF-Il lepton+jets .-
D@-1l lepton+jets §o-
CDF-I alljets

CDF-Il alljets * -
CDF-Il track ®

CDF-Il MET+Jets * .

Tevatron combination * g

?86.0 +11.5 (£10.0£5.7)
1725+ 2.1 (x1.4+15)
166.9+ 9.5 (+9.0+2.9)
1723+ 2.6 (£1.8£1.8)

1732+ 0.9 (£06+08)

(= stat = syst)
y2/dof = 8.3/11 (68.5%)

150 160 170 180
My, (GeV/c?)
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Top quark mass at the LHC

* Measurement of the top quark mass tests the
understanding of the detector calibration

* Measurements at the LHC will improve the
world’s average

ATLAS Preliminary (Date: February 23, 2012)

e+jets (1d) 172.9+ 1.5+ 2.5
u+jets (1d) 1755+ 1.1+ 2.6
e+jets (2d) 174.3+ 0.8+ 2.3
u+jets (2d) 175.0+ 0.7+ 2.6
l+jets 1745+ 0.6+ 2.3

Most precise (CDF l+jets) 173.0x 0.7+ 1.1

173.2+ 0.6+ 0.8
(stat) (syst)

Tevatron September 2011

160 165 170 175 180 185 190

rntop [GeV]

CMS Preliminary,\s=7 TeV

CMS 2011 dilepton
PAS-TOP-11-016 (L=2.2 fb™)

CMS 2011 ptjets
PAS-TOP-11-015 (L=4.7 fbo'")

CMS 2010 |+jets
PAS-TOP-10-009 (L=36 pb™)

173.3+1.2+25
(val. £ stat. + syst.)

1726+ 04+13
(val. = stat. + syst.)

173.1+£21+ 27
(val. = stat. + syst.)

CMS 2010 dilepton
JHEP 07 (2011) (L=36 pb™)

CMS combination

175.5+461+ 46
(val. = stat. + syst.)

1726+ 04+1.2

up to L=4.7 fv’* (val. + stat. + syst.)
I I I I
165 170 175 180 185
Myop [GeV]
38
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Top mass from cross section

* Direct my,, measurements rely on details of
kinematics, reconstruction, calibration

* Experimental measurement has small
uncertainty: ~0.5%

* What mass is measured?
— Could be interpreted as pole mass

» Compare theory prediction (measured) cross
section vs pole mass (=my,,)

* Exploit relation of cross section and mass:
— Ao/o = -A* Am/m (A=4-5)

o [pb]

350

300

250

200

150

100

S. Moch P Uwer PRD 80 (2009) 054009

vvvvvvvvvvvvvvvvvvvvvvvvvvv

M o,

—¢

. (160 + 16) pb

A B

Hathor )
LHC 7 TeV
MSTW 2008 NNLO
o nwo .

P B

rrrrr

140 145 150 155 160 165 170
m(m})
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Top mass from cross section

%_ ATLAS Preliminary,J. L=35pb™
f_ —— o(pp — tt+X — l+jets+X)
- —— Measured dependence of ¢
- —— NNLO approx. Kidonakis
. . . - N —— NNLO approx. Langenfeld et al.
- determine top quark pole mass using the experimental 300> S~ NLOSNNLL Ahrens ot al.
ttbar production cross section 250/ L 2> >
— from lepton+jets channel (ATLAS) with 35/pb 200;--
150—
le -
My, = (166.4773) GeV 100 S
sof- ATLAS-CONF-2011-054 T
— from dilepton cross section (CMS) with 1.1/fb 140 160 480 200 _
ole 175 Top quark mass [GeV]
mf = 170.3_67 GeV = 600
* %_ L CMS Preliminary, Vs=7 TeV, L=1.14 fb™
=

approx. NNLO x HERAPDF15NNLO

errors: scale variations x 68% CL PDF_, x ag(M;)

Also determine m(MSbar):

400 W Langenfeld et al.

Approx. NNLO x HERAPDFISNNLO | m*¢ / GeV | mMS / GeV Anrens et al.
Langenfeld et al. [7] 171.7 753 164.3 82 CMS-PAS-TOP-11-008
Ahrens et al. [9] 169.1'27 161.0197
- : 200 —
CMS-PAS-TOP-11-008
I O Measured cross section —
® Cross section corrected for m:’°‘° (Langenfeld et al.)
Measured cross section dependence on m:"c
014:) — l1;0l — ‘1é0| — l1'110l — 11;0I — I190

m:’°'° (GeV)
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Top-antiTop mass difference

» Test of CPT invariance: particle and anti-particle have same mass
— If masses are different =CPT violation

— Top quark is unique because it decays before hadronizing

* use utjet ttbar events: positive/negative muons (L=1.1/fb)
— Compare mass measured from u*/u- +jets
— Use hadronic side

* Measure mass in both samples (ideogram method) CMS-PAS-TOP-11-019

CMS Prehmmary 1.09 fb "at\s =7 TeV (T ] CMS Prelummary 1.09 fb at\!' 7 TeV T

F ARAE T T Wy 3 ARAA T Wl

3 -2l 3 2T
350 - 8 Single-Top 350 s I Single-Top

—+ Data —+ Data

u-+ets u+jets

Nr. of events / 10 GeV
n
&

Nr. of events / 10 GeV
n
8

100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000

Fitted Top Mass (GeV) Fitted Top Mass (GeV)

Ammeasured — 1 20 4-1.21 (stat) &= 0.47 (syst) GeV

Most precise top quark mass difference (statistically limited)
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Top quark decays and taus
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Taus In top quark decays

. Measurgmgnt of ttbar Cross section with tau Channel Signature BR
leptons in final state is important: Dilepton(e/) | ee.umen + 2bjets | 4/81

channel not well explored Single lepton | e,u + jets + 2b-jets | 24/81
Cross-check to other channels ) ) )
_ All-hadronic jets + 2b-jets 36/81
increase acceptance of ttbar events
: . Tau dilepton et, ut +2 b-jets 4/81
involves only 3rd generation leptons/quarks

Tau+tjets T + jets + 2b-jets 12/81

probe non-standard physics (t—=H*b, ...)
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Taus In top quark decays

DO Runll -- preliminary August 2008
-

I+jets & dilepton & tau+lepton*

BR(tt—=Itvvjj) (=e.) - 1
B R(tt%”\/\/_”) ’ l:)jé t_f””""””“’""' PRY o+ 7.42 1053 5045 2045 pb

8.20 322 0 1050 pb

7.83 : :— _ *' 043 pb

* Measure: R=

I+jets (neural network b-tagged)*

» Advantages: | I

—increase statistics Hrack g . 50 1% 93 .3 pb
—cross-check to other BRs tausepton ey B 732720
tautjets (b-tagged) N 1 +43 407 ..
- Disadvantages: R N
5 20714 s pb
—small statistics/larger background N N
—Tau IDis not easy K ey

0 2 4 6 8 10 12
6 (pp - tt) [pb]
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Charged Higgs

 Tau dilepton channel is of particular interest as existence of charged
Higgs can give rise to anomalous tau lepton production

If top decays: t -H*b (my<m-m,)
b

=directly observable in this channel
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Charged Higgs

1 E
« BR(t—H*b) could be large 0.8 - H—1v
« H*—t *v_ enhanced if tanp large 0.6
0.4
=>observe more taus . 2
E ) MtH=_1?SG-e Ligfc
(tanp: ratio of vacuum expectation values) 0 ol S
10 1 10 10 'tan[go

— -1
1000¢ Ns=7Tev 21fb" CMS

8 900:_ et (WW + WH + H'H)

> E e WW (tE - WBW)

w 800 - WH- (tf - W'bHB)
700 - -« H'H (tf - H'bH'B)

- m,, =120 GeV
E T, final state

600F
500
400F
300f )
200/
100 _

=number of tau dilepton
events can be large

L

0 ;" daop =" ’l' ) -l ] 1 1 l : I11]1'[ " o o — 1
0 0.2 0.4 0.6 0.8

BR(t — H'b)

ot .
- ~l1|]llllllll|Illllllllllllllllllll]l‘i llllll]llll
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Measuring ratios

» Except for the case of a very large signal significance (i.e.
resonance), signal will be marginal

 Need to reduce uncertainties

 Discovery will go through systematic uncertainties
— Always unexpected problems, unknowns

* Goal is to minimize the source of syst uncertainties and increase
robustness of result

» Using ratios, or shapes, moving cuts, compare to similar
analyses

* In the ratio, systematics are due to shapes, p; dependence and
not to overall scale
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Measuring ratios

e Tau dilepton analysis is useful check on tau efficiency and
can be sensitive to non-SM physics

« Key is to understand relative efficiency of I/t

 All other systematic cancel out (i.e. ISR/FSR, lumi, etc.)
« If discrepancy is found, case is more convincing
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Cross section ratios

arXiv:0903.5525
Many systematic unc. cancel in the ratio L
. . 1 - D, L=1.0 fb'
Study of cross section ratios S 0] — Expected 95% CLiimit
E:>Sen8|t|ve to BSM % 06—_ —e— QObserved 95% CL limit
1.BR(I+jets)/BR(Il) | .
4 __.—/,,_.——I—"
2.BR(I+tau)/BR(Il) L
B(t — Hb — csb)™ °2]
Tevatron *=preliminary 0 _ — _ _ _
| / 80 100 120 140 160
+0. lept.+jets M. [GeV
1ng‘16" / ) |—0—I—| 0.86_3_1-9, pL.7) - 1 + - [GeV]
I T ] BH ™= D@, L=1.0 fb'
| 5.5 T 08 —=— Expected 95% CL limit
Pfg_gl‘c / GII+Ij '_ﬂl_' 0.97 0.29 \5‘ % - —e— Observed 95% CL limit
| 1.45+0-83 B(t — H'bh — ’7‘+I/b) 0'6_:
CDFo, /o, * b= = 039 4 ]
02t | i tau Ieptc:ns\‘ 0'4: /
%<_ SM 0.2—; =
0.5 1 15 2 07"80 ~ ~ 100 120 140 160
tt Cross Section Ratio M. [GeV]
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Taus In top quark decays

e \s=7TeV, 2.1 fb' CMS Preliminary

! !

170y N % 10° -e-data
N " : -2

t < 1 05 QY+jets

Il Diboson

b I Single t

9 : : ¢ 10° = guf:fn—t
W 3

- Selection: ' 10
— one isolated lepton (e/u) 102
— OS tau

— at least two jets (one b-tagged) 10

— MET>30 (45) GeV

» Determine t fakes from data
— Expected to be dominated by quark/gluon jets +1] > 1btag 1t os
— Conservative approach: average W+jets and QCD
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Tau fake rate

1~|IY[IlI]'l']"'Il"Illl]'Y!]'

% 3 CMS Preliminary N §

. “ ”” . (14 u L=221fb" ¢-Daia N

 Main background from “fake" tau jets g wp Ry e -MC =

° i . [ = etp, > 20 GeVie, 2 =

Background estimated from data: W E o) 220GeVie < :

— Select jets in events with: 102 = =

. C = atgy =

1 lepton+ > - - —.— -

pton+MET+ . 3 jets ‘(‘9ne jetis b tagggd) T - e S . -

— Apply to every jet the “jet—tau probability (pt, n, 107 u ¢ E

jet witdth)” : -

— tau fake probability evaluated from data 0t ; Hadronic mU|thet E

» Estimate “fake” rate in different samples and " ]
100 e e 0 00 20 e

take average

'''''

Jet P (GeVIc)

Data-MC
MC

3] 30 0 B0 B0 100 120 140
Jet P, (GeVic)
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Fake rate vs jet width

QCD multijets

Q 1 E T T T T T 1 E 2 1 ETv v T 17T T 1 =
‘§ - —o— Data = & - o Dat 5
- 3 - ata -]
e . - o . -
E #i - MC ° E :—_$: - MC .
10—~ e = R L DR =4
= = E — =
- . - - -
C - - N .
L - " -
10'15“ """"""""""""""""""""""""""""" - 1 =
S - = : e E
10':"[5""""""'""""""""""".’"" """""""" m— 104'.:;' """""""""""""""""" B i
PR NN VRN TR N VRN SN SN VN (NN SN VRN TN TN N TN SN ST W (NN SN VNN SO SN AN SN SO SO SO Y1 PURET W TN T N W WY AT T NN YN NAT RN TR N RN TN NN N RN
1040 0.05 0.1 0.15 0.2 0.25 0.3 10‘0 0.05 0.1 0.15 0.2 0.25 0.3
Jet Radius Jet Radius
g F] | ¥
Q 04 %) :: .J’;
[ % 3 . e LT LR L LRI LI LT EL T TR TR TR TR P, Mpaassases N
= off IO - e e e Sveverres Y ‘ = °§ ‘ I R S— — —C
% 0.2 < ,g .:: Y e .
AL ¥
=} :.o = Q  os T
08| = 08
i 0.05 0.1 0.15 0.2 0.25 0.3 L) 0.05 0.1 0.15 0.2 0.25 0.3
Jet Radius Jet Radius

Quark jets (narrower) vs gluon jets (“fatter”)
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Tau dilepton channel

CMS Preliminary \'s=7 TeV

Reconstruct mass in ttbar events with taus

TOP-11-005 (L=1.1/fb) (val. £ stat. + syst. + lum)

— 70
~ | T T T T | T T T T I T T T T l T T T T l T T l i )

RS - CMS Vs=7 TeV, 2.1 tb-l —— data CMS 2011 combination 166 + 2+ 11+ 8
> - - TOP-11-024 (L=0.8-1.1/) (val. + stat. + syst. + lumi.)
& oo Wt pt

O B -

N oob [ other tt CMS e/ji+jets+btag 164+ 3+12+ 7
; B - W+jets TOP-11-003 (L=0.8-1.1/fb) (val. + stat. + syst. + lumi.)
— B .

@ 40/ [ single t

> B New

w | | pY+Diboson CMS dilepton (eep,en) & 170+ 4+16+ 8

30k

e —

CMS all-hadronic
TOP-11-007 (L=1.1/fb)

136 £+20+40* 8

(val. £ stat. + syst. + lumi.)

llll[llllllllllllllllll][lllllllll

CMS dilepton (u =)
TOP-11-006 (L=1.1/fb)

149+£24+26+ 9

(val. £ stat. + syst. + lumi.)

200 300 400 500 600

G VI 2 [ Approx. NNLO QCD, Aliev et al., Comput.Phys.Commun. 182 (2011) 1034
My, [GeVicT] B Approx. NNLO QCD, Kidonakis, Phys.Rev.D 82 (2010) 114030
Approx. NNLO QCD, Ahrens et al., JHEP 1009 (2010) 097
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Good agreement between measurements and | =/"{*° | | |

predictions (for all decay modes) 0 20 100 s 200 22?@ (p;”)""
CONF-2011-119 142 + 21 (stat.) i%g (syst.) = 5 (lumi.) pb ATLAS

TOP-11-006 0 = 151 £ 15(stat.) = 23(syst.) = 7(lumi.) pb  cMmS
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Is there a charged Higgs?

* [f anomalous tau production in ttbar decays there may be

contribution from charged Higgs decays
Ns=7TeV 22fb" CMS Prellmlnary

\f_ 7TeV 21fb CMSPrellmmary _:I'\0_2_|||||||||||||||||I|llll]lllllllllllllll ||||||| ]
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10 DY+jets E = C e L imedian 3 .
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I Single t ] m014 — —

4 0 other tt - — u ]

10 T p+r E 8012__ =
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......... - . : _:
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10 04E .
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= Slets m,, (GeV/c?)
Yields in agreement with expectations = set limits

80< my+ <160GeV. BR(t — H™b) < 2 — 3% CMS HIG-11-019
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