Advanced information on the Nobel Prize in Physlcs, 5 October 2004

VETENSKAPSAKADEMIEN

THE ROYAL SWEDISH ACADEMY OF SCIENCES

Information Department, P.O. Box sooos, SE-104 o5 Stockhalm, Sweden
Fhone: +46 8 673 g5 00, Fax: +46 815 56 70, E-mail: info@kva.se, Website: www . kvase

Asymptotic Freedom and Quantum ChromoDynamics: the Key to the
Understanding of the Strong Nuclear Forces

David J. Gross H. David Politzer Frank Wilczek

U..s ! " -
U:-JQ) I'.I FH ﬂimr\f ; E ; i |
I\“.In ﬁi‘;ﬁ;‘;ﬁjﬁmug . : \ T m LEP (preliminary)
0.4 '1';'-."'\ Tladren Crﬂ]iiinns o g " I|||_
i 4 Heavy Querkonia o} gJ 018 \\
& TS * .taken from the
245 M=V ---- (11711} = [
03 1 ‘:‘\‘-. OFD 4011 VeV —— 01183 014 l . .
N B ) | S NG Physics Nobel Prize
Pt
0.12 \I\'H.‘“‘
02 v W N " press release
b, i (Oct 5, 2004)
0t %_ snzal rerenr — DGO NNLD
unCneTREtac Arar TN w1441 16
: ' 0.08
I 10 L 25 B0 75 100 125 150 175 200
Q[GeV] Ecw [GeV]
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BrRKELEY Lam

Top Quark Mass Implications

® [t is a fundamental parameter.
Heinemeyer et al. ,

® [t is correlated to other SM parameters JHEP 0608:052 (2006)
via electroweak corrections. Update March 2007
t H 9 SEAEE EEEENREEENEEEENREEE
m = T 80.70 L experimental errors 68% CL: |
W W O W__ LW OW_ W i LEP2/Tevatron (today) il
U U I‘ J." : Tevatron/LHC _
b W 9 8080 —— Lc/aigaz
AMy M2 AM alnM, New Physics :
80.50

M, [GeV]

® Surprisingly large mass: A key to
understand EWSB? 20.40]

® Top quark and W boson mass predict
the Higgs boson mass.

® Allow to impose constraints for
physics beyond the SM.

80.30 |
S

MSS
both mode

80.20 }

Heinemeyer, Hollik, Stockinger, Weber, Weiglein '07 7|
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@ LEP limit: M, > 114 GeV/c* @ 95% C.L.
e Electroweak fit: m =76 343} GeV/c?
iggs
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Improving Measurements (I)

CDF Run 2 Preliminary 955 pb" all events, calibrated

JES

170 175 180 185 190
m, (GeVic’)

Multivariate Method



0, (1.96TeV)=6.1pb "

® Standard analysis cuts in “Multivariate Method":
- Exactly one central e/u with p_ >20 GeV, |n|<1.0
- Exactly four jets with E_>15 GeV, |n|<2.0 > Very similar to other
- Undetected (“missing”) energy > 20GeV lepton-jets analyses
- At least one SecVix tag

J
® Channel is compromise between statistics and purity: )

- BR~30%, S/B=1/4-11/1 _depending on b-tag
® Moderate combinatorial quark/jet ambiguity: requirement

- 2-12 permutations z

® Neutrino momentum partly derived from missing MET
- two-fold ambiguity
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S/B in Multivariate Method

® Found 179 candidate events in 955/pb of data.

® Background contributions:

- non-W+jets containing fake leptons ~22%

- Di-Boson WW, ZZ, WZ

rrererenr |||1
En-

- W+light jets containing mistags ~ 40% - Single top
- W+heavy flavor Wbb, Wcc, Wc ~ 33%
] ! 055 pb~!, 4 jets
W+Jets (HF/bI—F) non- W+Jet5 Background 1 tag 2 tags
q g < q q g y b non-W QCD 5.541.1 | 0.1340.07
VL - q IW-tlight (mistag) 9.5+1.6 | 0.650.32
. <‘I + more W -+ bb 4.3+16 | 0.90+0.25
q g o W+ cg, W+ ¢ 29410 | 0.1340.07
V.l/v'\v | g q Single top 0.6401| <0.1
3 ; q Di-boson (WW, W Z, ZZ)| 1.4403 |0.0740.02
(fake lep) Total Background 241434 | 1.88+048
Events observed 132 47
entries

® Additional likelihood cut to clean up

background and bad signal (ISR/FSR,W—1v...)

® Number of candidates: 179 - 149

(normalized)

signal

bad signal
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Multivariate Method Basics (1)

rrrreren”r |||1
En-

Event-by-event probability density

detector level jet-quark proton-parton
observables combi%ations density functions
| Nperm
Pulylme, JBS) o 3~ i [ Ao(x) foar(ar) fpar(2) % | Mg
=1 ' 1

b-tag weight phase space

leading order signal matrix element

transfer
functions

\/
(my, x)|*xW (y|x, JES)
| A

measured given parton configuration x and JES.

® Smooth function of p(jet)/E(parton), dependent on
quark flavor and jet n

Transfer Functions s ——
- _ = light jet — e
® Probabilities for a set of detector variables y to be  ***f 40Gev —esmeee

D.04f

0.1

In-Situ JES Calibration

® JES hypothesis giving W mass inconsistent with word
average value/width penalizes the event probability.
— Part of AJES becomes statistical component of
Am_and scales down with integrated luminosity!
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Multivariate Method Basics (2) =

® Integration over full phase space intractable, make simplifying assumptions:
- quark angles | charged lepton momentum | quark & lepton masses

® Seven integration variables remaining: ) )
- m’, (had), m* (had) , m*, (lep), m (lep) , log(p,/p,) (light quarks), p(tt), p(tt)
® Use of modified (“effective™) propagators:
- corrects mismatch between ME, MC and integration assumptions

Matrix Element

® Use complete signal matrix elements (R. Kleiss and W.]. Stirling, Z.Phys.
C40 (1988) 419) for a more consistent approach:
- qg—tt + gg—tt tree level amplitudes | finite width of W, top quark | non-zero b-
quark masses | complete spin correlations between top production and decay

Multivariate aspect

® Signal probability is weighted using a specially designed S/B discriminant.
® Requirements for the second variable

- minimum top quark mass dependence essential to allow multiplication
- minimum JES dependence of per-event likelihoods

- maximum S/B discrimination

FNAL/Rockefeller U., Aug. 30" 2007 Pedro A. Movilla Fernandez, LBNL



BrRKELEY Lam

160 170 180 190 160 170 180 190 160 170 180 190

® Build mthe total 2-dim. likelihood and extract
peak of profile likelihood:

® Correct mass and uncertainty value using
calibration obtained from pseudo-experiments

M, =169.8+2.7(tot.)GeV/c’
JES =0.996+0.018(stat. )

Extracting the Top Quark Mass

JES

M, =169.8+2.3(stat. + JES)+1.4(syst.)GeV/c®  Only 0.1 GeV/c” less precise
than world's single best 1fb™ result!

CDF Run 2 Preliminary 955 pb'1 all events, calibrated

T 160 165 170 175 190 195
m, (GeV/c’)

T e
slope =1.00 + 0.01 =i §afpull width = 1.22 £ 0.02 2=
bias = —1.20 £ 0.14 GeV/c® ™ Tzt
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——a——  m,=167.5 GeV/c’ (const=166 50 £ 0.19, prob=0.830)

—a— m=1750 GeV/c” (const=173.12 £ 0.18, prob=0 646)

e m=1825 GeV/c® (const=181 43+ 018, prob=0 801)
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Input JES Variation
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Future Plans ol

® Major problem is the presence bad signal: hurts resolution, causes bias,
> wrong jet-to-parton assignment causes pull widths # 1

> ISR/FSR jets among the four leading
jets: contamination is highest in least energetic jet

® Possible remedy:
> consider also a signal probability which ignores 4" leading jet

> introduce a bad signal discriminant (ANN)

® Get rid of simplifying integration assumptions and effective
propagators:

> Requires expansion of integration phase space (up to 19 dimensions)

® Improve background discrimination:
> ANN discriminant with no top quark mass and JES dependence?

® Introduce a-priori JES constraint
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Improving Measurements (II)

Calorimeter Simulation



Total JES Uncertainty
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Out-of-Cone correction

= MC/data mismatch of energy
flow outside the jet cone

= direct contribution from_lateral
E/p shower profile

- Absolute correction

= contribution from absolute E/p
response simulation

Relative Correction
= contribution from imperfection
of Plug/Wall simulation

= Above plot reflects simulation performance of CDF-II publications

(excluding recent improvements)

= Calorimeter simulation uncertainties are the dominant source of uncertainty

(specially if no JES in-situ calibration possible).
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GFLASH in a Nutshell

BrRKELEY Lam

= GFLASH treats calorimeter as a single effective medium.
= EM and HAD responses are related to MIP response

dE, (r)=E, m kgckfk(r)dr

A

k=EM , HAD A A A

MIP response

response relative to MIP | :
relative fraction EM/HAD |

riocclL(z)T(r,z
fr)= LT (g, 2)
longitudinal lateral

longitudinal profile

lateral profile

sampling fractions

interval step energy . smear # of . distribute spots L integrate A k

E JL(z) dz energy spots according to T(r,z) spots ? A
incident sampling fluctuations g deposited visible
energy resolution effects energy energy
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‘ Fraction of tracks with p_<p, ™

In Situ Tuning Approach & :
05" jet p. = 55 GeV/c ]
In-situ Run-II data (plus test beam data) 7 ]
= Energy dependence: u— p,™2 (GeV/c) —
Interpolate energy dependence of parameters "éyj\'m' N N .
using (E/p) response in EM and HAD Vf:ra o of de;ogited eneray
= Lateral profile: uE '
Adjust (E/p) profile in EM and HAD § b - -
: test beam data
= Early Run-II: Poor in-situ control up to 2.5 (5) GeV :gggggo?rftﬂ
“e . Energy/Gev |
1 10 100 ewg
Run-II improvements : entral =§£ZZ°" o Plug =§jtmf82°d
............. [ gjtcoh_stt10 | [ gjtcoh_stt10

= Single track triggers with
thresholds up to 15 GeV/c.

= Single charged particle

response analysis.
= In-situ tuning extended up to ! minbias trigget ' minbias
) 5 10 15 20 25 30 :E)F/»Ge\;ll 5 10 15 20 25 30 35 40

40(20) GeV/c in Central (Plug) DaeV
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Lateral Profile

rrrreren”r |||1
En-

= R,: log-normal distribution
(in units of Moliere radius or absorptions lengths)

= Mean & width of R;:

<R0(E)Z>>:[R1 +(R,—R;log E)

2r R(Z) + r: radial distance y ]
T(r)=———0%5 from shower center
(r"+ Ry) » 7 = shower depth

photons; electrons: n=2 integrated lateral profiles

longitudinal profile

= Hadronic showers: linear dependence on shower depth
= Logarithmic dependence on incident particle energy
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Lateral Profile Tuning

oy

) A
Frrereer |m
IKELEY ~
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X extrapol. track impact point

<« bck

Sig
7| bck
—t— »
I,.lrel _________ “
A E/p0] o Tom | ufror g Tom
: T : R
: A 0.5} i i
| | . 0.4} o I L
R — — P P ' ¥
L ] . }
5-3-1135 o 4 R S A
max min +: X T IE r B I :
rel __ n_(r’ +r’ )/2 :E :*, Iw : 0.2' E j::
- max __min :§£J —— . ey - : o
(n"™=n"")12 e e e L B
el el el

(Ry(Eype, 2))=| Ri+(R,— R, E,, } 2|

core term R,  spread term Q
- shower depth
- incident particle energy
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= EM and HAD probe different stages
of shower development.

= Normalization to absolute data
response decouples tuning from
longitudinal profile details.
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Lateral Profile Tuning (2)
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= Consistent global tuning in Central and Plug
= Lateral profiles must match as perfectly as possible to avoid bias in absolute
response tuning
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. . i} - Logitudinal Profiles
Longitudinal Profile <

8

I'(x)
+ Gamma functions
+ z = shower depth

pure hadronic (Bz) e F?
dEvis<r):Eincﬁ/lZ]€fic<r)dr

L(z)=
= Hadrons: superposition of 3 shower classes:

first M0's

later T@'s

10, 20 3p 40 50 60
Z [10 x Ao(Xo)]

tco—l-l\)w-hmm'\l
| I B

" Incidéﬁt partiCIéénergy dependence of fractions
4 Total of 20 parameters:

a +btanh (clog E+d)  (typically) means & widths of
- the class fractions f's,

- the a's and B's

...primary switches for Run-II tuning improvements!
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Absolute Response Tuning (Central) Sy

-
-

X extrapolated track impact point | s i .

() HAD : JWB 0 _ g :
A . TOT x MIP

o
[+]

L ]
o
7]
T
}
@
1 T

$] Q :

= = o7k ’

= o I I I

A os ? ' Oosf © !

A : . |

X X w 0.5 I w osf @ 1

vV I A = 1

0.4 : °-“:-o :

c [ &
far strip ' el veto eData s ' elveto eData

0.3 . o 0.3F ; OMC

0 5 10 15 20 25 30 35 40

> r] 0.1 . . . . 0.1
signal background
sig: EM=2 x2 blocks Eum-lr .uJ.

HAD=3 3 blocks Pl e
bck: EM=2 x far strip [N e St Toteculidol chufod oty NN anih
HAD=3 x far strip Sooaf Rl Sosf .. ﬂlﬁl ..... R

0.06¢ -CIDE_ ..
= FEDP and relative sampling fractions: ogfugiugivnjubugondogiong o b g

fi ( E ) =a + b tanh (C log E + d ) Track Momentum (GeV) Track Momentum (GeV)

= TOT and MIP is primary reference: shower almost fully contained — response
less dependent on shower starting point & particle flavor (appendix)
= TOT is basis for JES uncertainty determination
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Absolute Response Tuning (Plug) ceceee?]

BrRKELEY Lam

E/p 7x7 (cor), plug
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= Priority to get TOT right
= Moderate discrepancy in MIP
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= Have gained substantial in-situ control up to 40 (20) GeV in Central (Plug)
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Simulation Performance Sy

El’l!ll'.. LEY Lam

Performance early Run-II effective
in past/ongoing CDF publications: m
0.1
02 —— . ' ] o0 * 1-MC/DATA |
0.15 A| '/DD o Singletrack 0.061
01 l‘q = Minimum bias 0.0al- _ . _ { _ } _ _ *
5 pa  Testbeam ] -
0.05 - o e 00z b gy ]l{r __________ { R S
it P By
i -0.02[- . _
0.05 | 0.0af ! < _ —
i S R 1-2%
0.15 | -u.uaf— _ . . .
02 | 1 1'0 "')z : e 5I - '1|u' - '1I5' - '2|u' 2‘5 '3|u' 3‘5 40
\ ) \§ 0 (Ge)//c) Track Momentum (GeV/c)
Y < 7
T K T = Better and consistent tuning.
in-situ tuning et b dat = Percentages directly translate into
_ est beam data JES uncertainties (next page
p<2.5(5) GeV/c p>20GeV/c ( P2

(conservative errors)

later in-situ validation
2.5<p<20GeV/c
(poor statistics)
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Jet Energy Scale Uncertainties reee

e.g. jet p.=50-60GeV EPrasP | y
S 1 Q >
ol e Dt a o 2008
2 [ w e B
©oal — Pythia \4 0.8F ‘ O o AT AT 80.067
E [ ---Herwig 0.72 // 0.04F \Lr TR AT AR A
5 03[ 0.6f . D 0.025 - meeeee e RN N alol®
5 I = w.T‘h gl ,*HH ‘ ‘
a [ 05| 0 . SNE R ] K AW
E. .l £ Ea— 7] A ‘ i
3 oz2f] e D02 | ,l W ‘ ‘
031.40.0943*tanh(2.1246* (Lo g(P)-0.9289) - 1<P<20 iy ki
0.3 -0.04 ol e
& 595540.1406*tanh(0.4871* (Lo g(P)-1.1461) - 20<P<300 i
= 0.2 B '0.05_
.......................... L _ 08?
2 4 6 8 10 12 14 16 18 20 ok 1 [E/pme, ) 1 Lol R | I Y
)

2k (GeV/c)
“E/pl(had) ‘(30% fraction)

|
\ : v T 5 / - absolute JES uncertainties

Calorimeter stability

)] i

% 0.045 (w/o improvements)

O : Calorimeter simulation hadrons ]
5 004 7 ======= Calorimeter simulation EM 7
8 0.035 — s Multiplicity GFLASH had ronS —
Q ¥ ]

= Derived from “first principles”

= Convolution of MC/data difference
with the jet's particle spectrum and
E/p response

— absolute JES uncertainty 0 =50 700 150 200 250 300 35(_) 460 250 500
p_;lj_amcle—Jet (GeV/C)
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BrRKELEY Lam

Absolute JES Uncertainty

0.05
= We can get rid of old test beam iﬂo_m ]

based conservative high p estimates® ¢4}

Quadratic sum of all contributions

Calorimeter simulation hadrons

=== Calorimeter simulation EM particles

= Have better agreement at low and §0-°35 ; dann AN O|d |
medium p e
_ ©0.025 |
= Absolute E/p uncertainty reduced g ool
by a factor of ~2: E 4
g 0.015 =
expected JES uncertainty: 5

. e e X pected new (preliminary)§

1.8-2.8% — 1.4-2.0% (preliminary) ol . S (p ‘ ) 5
50 100 150 200 250 300 350 400 450 500

p_ﬁ)_amcle-Jet (GeV/C)

Impact to performance top quark mass measurements:

= wj/o in situ JES: di-lepton channel | Reduction of
= w/ in situ JES but a-priory JES constraint: all-jets channel - — AM, (Absolute),
= reduction of residual JES uncertainties: all analyses | AM, (JES_)?

... more comments later!
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Jet Shapes

BrRKELEY Lam

. Fin
= For example: Integrated jet energy flow >
1 pT(O, 7‘) LT
W)=y Lo -
Njets jets pT(()’ R) i
Y
jet p,>40GeV jet p.>55GeV jet p.>100GeV
E _— i a9 B —— o9l ;{:;
0'82_ ;: o.a:_ == o
0.7:_ oab —O0— b ——
0.6 =I=‘\ Old MC h — 0.7
ot \ data ost
el new MC 0.5:—_O_ | L Plug
e oaf oot u (preliminary)
o e ar e ea es e tan gl bbd - bbb oo oo
- - - - - ‘P{r)-‘rﬁmne- a a1 a2 a3 a.4 as ‘P{S?Rmnael - E - . - ‘P{r].f Rmm-

= Much better agreement
— reduces bias in relative correction Plug to Central
— impact to OOC uncertainties

FNAL/Rockefeller U., Aug. 30" 2007

} (next slides)
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OOC Uncertainties

= Photon-jet balance technique: validate the
probe jet using well measured photon energy

jet Jjet
pT fy:

_Pr
pT
__ pdata, cor MC, cor
500(3 o fy o fy

v

Uncertainties on JES

T T T T
Quadratic sum of all contributions
==== Absolute jet energy scale

=+ Out-of-Cone + Splash-out
. Relative - 0.2<|<0.6

+ Underlying Event

OOC transverse energy flow (R=0.4...1.3)

[ 00C0.4<R<1.3,Conen.4 | h-old-coneet304
Entries 43612
P N Mean 4.76
16— A~ 2.845
A _r<7 old MC 0/-3
0.14f ] Prob 0
r S 525 Constant 0.05455 + 1.41421
0.12f :ié - . Mean 05:1.4
e Ay Sigma 0.25+1.30
01— .{:}.
L JF
oo & < new MC
L .8
L ki
0.06 .- 5 3 I
s ¥ data
0.04fA~ e
£ A
002~ - ¥

v P‘A-A—E,:
ol
0 (prellmlnary)= T T 'EGeV

— Reduction of AMtop(OOC)?

FNAL/Rockefeller U., Aug. 30" 2007

0.02 NG e, ]
0
5. 160 150 260 250 360 350 460 450 500
P (GeVic)
0% | | | .
) 3-8%
[ 0
OOEC ----- v Cone 1.3 - Cong 0.4
;
EI
i}
]
T -
o N -
wfp e .
08 .: m .
5OOC £ 0.06
oo <1% « data/ 614+f4 Sir
5 0.02—
8&'5 0?—#——4.7%7%
-0.02_
= (prellmlnary) m
_nm:l I“‘I“.I“\‘\..

. still under study!

80 100 120 140

corrected jet p_ (GeV/c)
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Di-Jet Balance

Di-jet balancing technique

» Monitoring and correction of the
inhomogeneous calorimeter response

using reference jet p_in Central part.

probe __trigger
T T

( pirobe + ptzl:igger)/ 2

probe

2-|—f: Pr
2_](‘ pty}:igger

B=

— Reduction of AMtop(ReIative)?

FNAL/Rockefeller U., Aug. 30" 2007

(%2}

HJj Quadratic sum of all contributions
§ 008 =====«== Absolute jet energy scale
K] -+=+ Out-of-Cone + Splash-out
-‘E = == =+ Relative - 0.2<n|<0.6

'S 0.06 | 24

o

[}

(&)

C

=}

50 100 150 200 250 300 350 400 450 500
pT" (GeVic)

|DiJet Balance R

=0.4|

cone

ﬁ “1.15

/HE_ 00%0n  —e— Cenb+s Q009 @
old MC /“5%‘ o e
new MC™ - *
Data [} 3 ’f%

.B Data

1.05fF e N

= Improvements for certain cone sizes and jet p_ iar.

0951

085/

[1R:]

BMC 11f

o9 ® i)

- JET_50

< g— Data [JaiS0) / B.1.dme + 15 Gflagh i
—@— Data [J=i50)/5.3.3 MC :

.y
e
.

1 Detector Prg n
Pedro A. Movilla Fernéndez,:u;JL



A Mtotal) GeV/c®

Towards Precision Top Quark Mass

(=]
i

—
i

CDF Top Mass Uncertainty
(l+1 and I+ channels combined)

1" 2fb’ 4fp” 81’

v

¥ CDF Results '_%
4 Runllagoal (TDR 1896)

— Scale afstat) /L, Fix afsyst)
(assumes no improvements)

Sk Scale Aftotal) / NL
(improvements required)

10

f 10° 10
Integrated Luminosity (pb )




Di-Lepton Channel

BrRKELEY Lam N

Template Method, p (tt) assumption, 1.2fb™ (
w/ cross section constraint (reduced JES systematics)

M,,=17077" ‘3‘:5 (stat.)+2.6 (syst.)+2.4 (theo.)GeV /¢’

JES | b-JES JES | Relative Absolute OOC
Gev/l 09 151 03 1.1 1.0

expect to improve

Matrix Element Method, 1.8fb™(

in situ JES calibration)
M, =170.4+x3.1 (stat.)+3.0(syst.) GeV/¢’

JESmt | b-JES JES |Relative Absolute OOC
Geviel 02 261 01 18 18

AN e
expect to improve |

v v
S(Amt)/S(AJES) difficult to assess : 0.9? <0.17?

FNAL/Rockefeller U., Aug. 30" 2007

b

‘a
&

in situ JES calibration)

16

14

inary (1.2 fb™)

-

- theoretical o

measured LA

12
L % measured Mmp, noaﬁdep,
10
C Il measured Mmp,cr".dep,
8-
SN AN N
R . .
4-
2
bl %|\|\
?50 155 160 165 170 175 180 185 190 195 2.;00
M, (GeVic)
op
CDF Run Il Preliminary
z TR [T TR [ G [T R
m 0 ©
[}
o 018 -
= =3
= &
= 0.16 - 1
@
'g 0.14
o
012 |
®
01
0.08 - »
[ ]
0.06
®
0.04 -
0.02 + .. .. 5
\l\l\l\l\\ll\l’.
0'eegpefo 165 170 175 180 '1&.”15&"
M, (GeVic®)

Best di-lepton measurement.
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All-Jets Channel

oy

rrrreren”r |||1
En-

ME assisted Template Method, 0.94fb™ (in situ JES calibration)

a priori JES constraint
JES JES
L= thag(m JES)XLZtag m,, JES @Qi E)>

CDF Runill preliminary L=943pb'

M, =171.1+3.7(stat.+JES)+2.1 (syst.) )GeV/ ¢’

JES

| Stat b-JES Residual | Relative Absolute OOC

GeV/c2| 2.4 0.4

0.7 |

— K T
expect to improve

0,2

0.5

= Dominant systematic uncertainties:

} O(~1GeV/c?) each

- gluon FSR,
- background modeling
- generator

0.5

FNAL/Rockefeller U., Aug. 30" 2007

JES ()

Best all-jets measurement.

AlnlL=45

170 175 180 .
Top Mass (GeVic')
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BrRKELEY Lam

JES Uncertainties (Lepton-Jets)

Matrix Element Method, 0.96pb™ (in situ JES calibration)

JES

o T Wil
events /, """""""" fliL-a5
L(M,,,JES,C,)ec [T |C, Pl (M, JES)+(1-C,) P (JES)]
i=1 1 L
M ,,=170.8+2.2 (stat+JES)+ 1.4 (syst. )GeV /¢’
JES |Stat b-JES Residual

Gev/2| 1.5 0.6 0.4

Template Method, 1.7fb™ (in situ JES calibration

a priori JES constraint

—A?
L= thag<m AJES)XLZtag<mt’AJES) CXp ?J;ES

©

M, =171.6x2.1(stat.+JES)+1.1(syst.) GeV/c’

JES Stat b-JES ésidual\ dominating

GeV/c*| 1.3 0.6 0.6 systematics
= ISR/FSR modeling O(~0.5GeV/c?)

Hu r ‘\..Imw\l\“”‘!‘””J‘“rul\,,,,,‘ T T 1 AL A

i 1= - e ANLZ0

< [i J s N woAlnL=45 ]
0.5 ‘. "

0.5

v
.
----
.
""""""""

L CDF Run Il Preliminary (1.7 )

N S 1 e v 17 1 -3
M, (Gevm)

Best single measurement.

FNAL/Rockefeller U., Aug. 30" 2007

Pedro A. Movilla Fernandez, LBNL



Precision vs. Consistency

Tevatron combination (March '07

Parameter | Value (GeV/¢?) | Correlations
all-jets | 1m22+41 100

lep-jets | 1712419 021 1.00
di-lep 163.5+45 | 015 030 1.00
p (di-lep/all-jets) = 7%

p (lep-jets/all-jets) = 75%
p (di-lep/lep-jets) = 12%

1.1%

1.1%

| 2.4%
| 1.1%
2.8%
1.1%

Best Tevatron Run Il (preliminary, March 2007)
—_——
All-Jets: CDF
s 1711 4.3
. ——
Dilepton: CDF
epton: G 164.5+ 5.6
Dilepton: DO r 172.5+ 8.0
(1000 pb”) e
——
Lepton+Jets: CDF
S 170.9+2.5
—a—
Lepton+Jets: DO
o 170.5+£2.7
Tevatron B 1709+ 1.8
(Run I/Run I, March 2007) 21 'f 9_2”0'
| ‘ | A ag |: .
| \ | |

i \
150 160 170 180 190 200

= Can we trust increased precision? Are we biased
by unknown systematics (e.g. color reconnection)?

= Need higher precision in hon-golden channels
with different hadronic activity to verify
—~ reduction of A __ essential (e.g. di-lepton channel)

= Alternate less JES sensitive methods important
- lepton p_ | decay length technique (appendix)

2
Top Quark Mass (GeV/c")
E 0'40 _DURLI'\|||epth+Jetj Wel htS
-_E 0-35 lepton+j
=
S 030
=
2 025
g n
& 020 g
= 2 . .
= 015 2 ; & .

Lepton+Jets

Analysis

FNAL/Rockefeller U., Aug. 30" 2007
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Outlook o

i i . CDF Top Mass Uncertainty
® Confidence through a consistent picture of (141 and I+] channels combined)

many top mass measurements at Tevatron .

el
o
PR |

9 1’ 2fb’ 4t 8t
: | " Vb
Combined CDF&DO result (March 07): G :
2 e
2 Y CODF Results J;-:% :
® |essons from Run-II: Improvements are - 117 Rintiagoal (ToR 1908 Y
based on | —— scale atstat) /T, Fix afsyst
. i o ] (assumes no improvements)
> High b-tagging efficiency |+ Scale atotal N
> Improved analysis techniques i i s
. .. . . 10 10 0
> In-situ W-jj calibration of the JES Integrated Luminosity (pb)

® (Claiming high precision requires mutual verification in all channels.

® We are therefore awaiting how future measurements will benefit from
reduced JES uncertainties through better calorimeter simulation.

® Limiting factor at the end of Run-II expected to be ISR/FSR (=theoretical).
e Goal: AM_ <1 GeV/c?at the end of Run-II (=5-10 years LHC!!!)

Tevatron might be the lasting legacy for the top quark mass!

FNAL/Rockefeller U., Aug. 30" 2007 Pedro A. Movilla Fernandez, LBNL
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Top Quark Production N

BrRKELEY Lam

i

g Total inelastic ® Top quarks are mainly produced in
eg’m'z pairs via quark/antiquark annihilation,
I " and gluon/gluon fusion:
2 6-10° 0,(1.96TeV)=6.1pb
©10° fub . .
il - ® Single top production:
168 :gg“ o, (1.96TeV)=1.98 pb
i ’ o_.(1.96TeV)=0.88 pb
N —£ GD ...ignored in mass analyses
] ® 1 top quark pair each 10“ inelastic
10 Higgs (ZH — WH) collisions ...
o ... a needle in a haystack
100 120 140 160 180 200

Higgs mass (GeV)/c2

antiproton
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Top Quark Signatures

BrRKELEY Lam

® SM top quark decays weakly before hadronization
— Can measure its properties directly: Mass, Spin, Charge ...

® BR (t—Wb)=99.9% (CKM matrix)

® \W decay determines experimental signature:

Top Pair Branching Fractions ! q
W v
v, q
6 jets (2 b) ¢
S/B = 1/23-1/6
High background b

L+jets 15%

28/ L e/u obtained in this channel
2 neutrinos 1 neutrino

2 b-jets 4 jets (2 b)

S/B = 2-20 S/B =1/2-11/1

Pure samples Golden Channel

FNAL/Rockefeller U., Aug. 30" 2007 Pedro A. Movilla Fernandez, LBNL



Challenges of Top Quark Physics Sy

. - ® tt tagging efficiency ~ 55%
Requires full detector capabilities: ® i faig ragte 05 OZ ’
~ U. 0
® C(Clean identification of electrons and muons S Tag Efficency ‘o Top bets
- charged leptons from W decay Tight Sectix

Loose Secvix

o

=
1] =1
T

2

D
iy ih
TTTT]TTT

® Undetected ("missing”) energy
- heutrino reconstruction

b-tag efficiency

£ E
L3
T

L >7.5 6(L
Xy Xy

_ Top MC scaled to match data
E Only b-jets with r|<1

® Secondary vertex tagging  back dand
- quark flavor (b or light) f of background and Jet- R R TR TRE PR AT

_ _ 2 quark combinatorics jet E- (GeV)
® (Calorimeter clusters (“jets”)
- quark reconstruction

=
ha

...crucial for reduction

=
T

fraction of tagged b jets
vs. jet transverse energy

Determination of the jet energy scale (JES

® Correction of jet energies for detector effects,
hadronization, multiple interactions, ...
— momenta of hadronic top decay products!

® JES currently known at ~39%b level . dominant
uncertainty in all top quark mass measurements!

More details in
2" part of talk
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Measurement Strategies (1) =y

BrRKELEY Lam

Template Method (TM):

Example: “reconstructed” top mass

Mtop with data to obtain Mtop.

=
o
7

® (Classical Run-I strategy i 145Gev/c v
® Calculate one observable per event st I 145 Gevi?
correlated with M, . %n‘;; 1:: e
® Compare simulated distributions for £ i 205 Gevrc
signal+ background with varying 8004
0:

. . 100 150 - 250 300
+ computationally simple mreeo(GeVic)
— limited kinematic information, just one number
per event
Example: “reconstructed” W mass
) _ JES-30 wE
® Important extensions developed in Run-II, v @20
. . . = U 1o
e.g. use of a 2" variable for JES calibration. & - ﬁm
s CEE
'ED.Oﬁf
50.041
0.02—

0 20 40 60 80 100 120 140 160 ;180
m.(GeV/c’)
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Measurement Strategies (2) -

Matrix Element Method (ME):

® Calculate a per-event probability density curve (from matrix element
calculations) for signal and background as function of Mtop.

e Multiply probabilities to extract most likely Mtop for the whole data sample.

. Signal _ signal background . sample likelihood
: £ _ " z
5 ; Psig) i
Background Y
. X | X = T
| P(sig)
Top Mass Top Mass
Top Mass
Top Mass
top
+ per-event pr ili rve enhances statistical power

— extremely CPU intensive numerical integrations

e ME Method extended using 2-dimensional likelihoods (Mtop, JES)
® Additional event weighting using S/B discriminants, b-tagging information etc.

FNAL/Rockefeller U., Aug. 30" 2007 Pedro A. Movilla Fernandez, LBNL



S

Integration g

® Integration over full phase space in 22 dimensions intractable, make
simplifying assumptions:
- quark angles / charged lepton momentum are perfectly measured
- quark / charged lepton / neutrino masses are known

® Seven integration variables remaining:

m’, (had), m’ (had) , m?, (lep), m* (lep) , log(p,/p,) (light quarks), p(tt), p (tt)

® Effective propagators are used when integrating over mass variables
— corrects for mismatch between ME, MC and integration assumptions

Breit Wigner effective propagator effective propagator
2 . . . .
m . on hadronic side on leptonic side

350000

000

22000

AL000

Delta Mt

20000

2000

28000

27000

26000

25000
000 4000 5000 6000 000 8000 Q’nﬂz

TWa(] m
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shape variables 8

":""la"f

S/B Discriminant

o
[

4>
T I-I-! TTTT m
D
(@]
=
Q)
| =2
wn

+] ets E 0.35

a_) 07— g '-" AT = -
Many candidates to choose from: §_ g1l -
@ Energy variables (e.qg. jet transverse energy = ool |} -
= gl NN 0.15
sum) higher S/B discrimination but also largely 8 ;1 e
correlated with m, /JES = R LB E R d | 0o
® Shape variables (e.g. aplanarity) lower S/B O sRawilia il L @ L0 gs
but smaller m /JES dependence T  variable —»
® Linear combination of variables P

— m,_/ JES systematics mutually cancel ST rel. change mean&r.m.s.
A=1.50, (aplanarity)

V(1,1), tag

0.00019827/11

0,<0,<0, EVOf T =3 A (o)
1 2 3 B i p o P B p u.agtagg{én’,:" ,‘%:j:’:‘;: H' %;S;‘égg . 0.23_ Pl -0.0003312 66005 |- mean QCD
N (min) lep §T R g \f
DR_mln<A RU)XpT /ET ‘;'l‘mi g_ 0.1
p™™ :smaller p of the min. separation pair e ot .

)

_ (i (i) (ep) | (V)
HTZ_ i=2..4 pT/ Zizl..4 p: _|_pzep W )

| 1
180 200
eV

el. difference
o
TT T T T .\ T

3
rel. dif
o S :
w N -
T |

-

N

[=]=

o

P o

160
. : O < g
p. - smallest of neutrino p_z solutions TR e | B o
> 02 180
g :H 77 m/GeV

V= (CAIA +CAZDR +CA3H TZ) XN W default (C1’ C2)=(1’ 1)

...systematic fine tuning of coefficients (appen;C]fB() .
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® meanti
RMS t1

= n Q 0.2 -
Hybrid Variable >

® Fine tuning of two independent coefficients :
® Study relative changes w.r.t. reference distribution . (c,6)=(1,1)

® S/B discrimination quantified by divergence measures _*——————=—{

V'=(¢,A+é, Dy+é Hug| XN ¥ o

m, dependence [0.1%] JES dependence [%] S/B discrimination
|slope (mean)| x1000, tag . (ilG Varlatlon) K(tf, m,=180GeV / Wb b), tag, 10 bins

-h

mean

(=]

@lope(médn) x1000
. a4 = =2 NN
N <wariad<varisi

o
kS

o
N

S o o o =

N D oo o

w &
<varisizvari>

eslopbe(rms) xi000
w

mA

R I N R TP

c1(A)

C OCA) . 2 am
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Background Treatment

oy
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BrRKELEY Lam

0.04F

0 0.2 04 0.6 0.8 1 1.2

B(q)

n E

Eo.oa;—

Eo_gf_ B 175 GeV signal
N £ QcD

BuoE W HF

%o.os‘ W -+ light
B0.05F

L

14
Discriminant variable

fbg(Q):B(

q)+S(q)

® Adding background shifts
signal likelihood curve

® Subtract average log
background weighted by
background probability

log L (arbitrary zero)
b & B R o
T

Background

Combined
16 _ sig+bkgnd

normalized

Signal

RTI ITRTTN (SRR M

= log(Ly, )= log Ly, ;= foy(a) (Ly,)

.o 1o Ly Iy bbb 1y s
100 120 140 160 180 200 220 240

m, (GeV)

® Additional likelihood cut applied to clean up
background and bad signal (ISR/FSR,W—1v..

® Improves bias and resolution
@ Number of candidates: 179 - 149

Type of event | 1-tag | >1-tag
Good signal | 94.7% | 94.1%
Bad signal 73.7% | 80.2%
Background | 63.1% | 57.5%

entries
) (no‘rmalized)

.4 signal
bad signal

cut=6

~ max(Log L)

Likelthood peals

background

FNAL/Rockefeller U., Aug. 30" 2007

Pedro A. Movilla Fernandez, LBNL



Uncertainties Sy

BrRKELEY Lam

Systematic source | Systematic uncertainty (GeV)

Residual JES 028 ® Total systematic:
PDFs 0.46 AM, (syst.) = 1.4 GeV/c’
ISR 0.75 + 0.36
FSR 0.67 + 0.40 ® |argest contribution from
MC generator 0.44 + 0.43 modeling of the initial and final
Gluon fraction 0.05 state gluon radiation:
Background: fraction 0.20 AMtop(ISR+FSR) =1.0 GeV/C2
Background: composition V-39 ® Statistical component:
Background: average shape 0.29
Background: (2 030 AMtop(stat.+JES)
Calibration 0.14 = 2.3 GEV/CZ
b-JES 0.93 = 1.6(stat.) + 1.7(JES) GeV/c*
P:;Ei i;iﬁﬁ:l;; EEE ® Residual JES uncertainty: 2
Multiple interactions 0.05 AIVI’EOD(JESFGS) =0.3 GeV/ .
Lepton Pr 0.05 (n/p, dependence of jet corrections)
Total 1.39

FNAL/Rockefeller U., Aug. 30" 2007 Pedro A. Movilla Fernandez, LBNL



Systematics

My
rrrreren”r |||1

El’ﬂ.l‘.. LEY Lam

(status
J ncertainties Di-Lept 03/07/2007) 1-Jets
GeV /c?] (ME 1030 pb~*)| (ME 955 pb™*) | (1M 940 pb™!)
Statistical 3.9 1.6 2.8
JES 3.5 1.5 2.4
Residual JES 0.4 0.7
b-JES 0.6 0.4
[0
3 ISR/FSR 0.4 1.1 1.2
e PDF 0.8 0.1 0.5
(7)) Generator 0.9 0.2 1.0
= MC statistics 0.7 0.2 0.4
Pl Background model 0.2 0.9
'S_ Sample composition 0.7 0.1
Lepton pr 0.1 0.2
b-tag pr dep. 0.3
Multiple interactions 0.2 0.1
Method 0.6 0.2
Total systematics
(excluding JES) L7 14 21

® Non-JES systematics mainly dominated by physics model:

Lepton+Jets (ME 370 pb™)

- amount of FSR gluon radiation, hadronization model,...

FNAL/Rockefeller U., Aug. 30" 2007

Source of Uncertainty b;xa‘t:]giig
Statistical uncertainty
and jet energy scale +4.1 —4.5
JES only 3.5
Physics modeling:
Signal modeling +0.46
Background modeling +0.40
PDF uncertainty +0.16 —0.39
b fragmentation
b/ec semileptonic decays +0.05
Detector modeling:
JES pr dependence 4019, .
b response (h/e) $063_-1.43]
Trigger +0.08 —0.13
b tagging +0.24
Method:
Signal fraction +0.15
QCD contamination +0.29
MC calibration +0.48

Total systematic uncertainty +1.2 —1.8

Total uncertainty

+4.3 —4.9

. will limit or knowledge of M_

. in future!
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Absolute CEM and CHA Response Sy

S

X extrapolated track impact point

¢
A

X X

far strip

>N
signal background

sig: EM=2x2 blocks, HAD=3x3 blocks
bck: EM=2x far strip, HAD=3xfar strip

= These are not primary tune observables

but serve as cross checks

= Responses dependent on shower start,
shapes are more complicated than TOT

and MIP
= Reasonable agreement
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BrRKELEY Lam

Parametrization (Central)

Fraction of Energy Deposited CEM Relative Sampling Fraction
B 2.55
[].9: 2.4_—
- . g” Ve
0.8 - s 2
: /. 2 4
o _ // 1JB:
E 0.7 / 1.6
L N % Enew GFELASH tuning
B 141 Gen's
0.6L » R R R
K JEEES ____.-// / 1 Momentunlq(GeWc) o
0.5F
o T t;:::g CHA Relative Sampling Fraction
u_d_ L il L | Ll 2-5;
1 Emrgyj &59\’) 10° 24 :
s of /N
= Smooth parametrization connecting & /
in-situ tuning and test beam tuning /
resu It. 12 ;new GFLA.,II-I tg:lnr'g | |

10
Momentum (GeV/c)
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Parametrization (Plug) cecee) §

BrRKELEY Lam

Fraction of energy deposite PEM Relative Sampling fraction
%1.4_IIII!IIII!IIII!IIII!IIII :2- I T I . --Gen-s
uu-J ; : i : % : — 16

7;'.;'B';Ei&i.;}};';"31;;5;};—{;;;{{("3'Jé'E[n'i;;}"'z';éi """" E
] [ PB.‘{WP.[.‘I.)_J &2 _:
_— g I I . ! —_ U” 1DZ|J3ID4|05|060
- {6: FEDP=0.872#+0.072"tarth(1 .846"(In(p)-0.995) - pigev

o ) RS Fouied (D.Déf.&+ﬂ.ﬂ4&*tanh(2 DDD*{M(p;.E.EBD}.}} R PHA Relative Samphng fraction
Ifien -5: FEDP:D ?3?}n 'I?D’tanh[D Bﬁ?"(lnl{p} -2. ussy . e _ [~ Gens

0 A AN S N ] 'S0 T R A A I

0 10 20 30 40 su ) Y S S S R S ;

p/GeV g E : E : : 3

Smooth parametrization connecting
in-situ tuning and test beam tuning

result. _
1 16 PB¥MIP[2}=2—24E)4-B QGB’Hmh( 315*§I-n(p-)— zss) -------- —

Gerl:5: PBYMIP(2)= 3.20; : 3

sl . 1 I L1 I I S I (O T N N O T T LRI O ]
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Absolute Response Tuning (Crack)

= Tower 10

E/p 3x1 (cor), tower 10

'ldatal (aJ) (4b29!503j 1 I EMI i I I 1 I | 1 I | I,I.ojr: I 1 I I 1 I | 1 M"i :
0.7H Jfake_f6v1 (287083) 3 0.7f 4 ] g 1
06F ] 0.6} [ ]
o.8[- o 0.8l
05F 5 0.5F [ i
0.4} % 0.4f 0.6
0.3 £ 0.3F | " i ]
nz I i| B 0.2F Euuﬁa ,ﬂmﬁd’*
£ =] g
0.4 ey o UEE t o Eﬁﬁﬂ
&l
oboalesaliasloel, rf' 1 0 ] WY PPTT Y PO POY YT PRTU BT PP PP 1
02458101214151820 D 2 4 6 8 1D 12 14 16 18_2D 0 2 4 6 8 10 12 14 16 18_20
p/GeV p/GeV p/GeV

= Tower 11

E/p 3x1 (cor), tower 11

0.8 prrrrrrrprr T r T T
@0ata (av) (4301408) = | EM ) T MIP
0.7H Jfake_f6v1 (310230) - . -
06f 3 ] ]
05F & i ]
1 o ]
0_4E'B £ 1 .
1 t i

03 R mmcmaii : E méﬁ |
02f -+ :
0.1k ‘H’ p
ph M T P P T T T T T e e 1] T T cTi Frn i el T Frm e Y mmrnrnmirmn
D 2 4 6 81012 14 16 18 20 0 2 4 6 8 10 12 14 16 18 _20 D 2 4 6 8 10 12 14 16 18 20 10 12 14 16 18_20
p/GeV p/GeV p/GeV p/GeV

sig: EM=3x1 strip, HAD=3x1 strip
bck: 1.5 x both side towers
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Comparison with 57 GeV Test Beam Data =~ ===}

S

MIP
500
450 - Test Beam
400F |— GflashSim

0

Energy [GeV]

CHA

600

500

400

300

0 8050 0
Energy [GeV]
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Energy [GeV]

gl 99U
Energy [GeV]

Gaussian Fits of the MIP and Total

MIP
57 GeV testbeam 57.26€8 + 6.3638
4 tune MC 56.1179 £ 5.6968

percent difference -2.0%

TOT
57 GeV testbeam 53.4797 + 6.2428
4 tune MC 53.6959 + 6.3393

percent difference +0.4%

Reassure latest tuning using
pure pion response from
57 GeV test beam.

Reasonable agreement of E/p
shapes between MC and data.
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Tuning Uncertainties ol

= E/p analysis

- For TOT and MIP we consider Gaussians so we are insensitive to background
contamination (e.g.: high p muons or electrons).

- Treatment of uncorrelated background ensures that we can compare E/p from
different event activity.

- CES partially suppresses correlated background in Central.

- Not sure about correlated background sources in the Plug (we don't use PES) — at
least we are using a reasonable MC tool (Pythia) to model background.

- Differences due to momentum spectrum has proven to be negligible.

= Lateral profile dependence
- Profile mismatch can cause leakage effects .
- After tuning this effect should be under control.

= Flavor dependence
- MC mixture used at low p: minimum bias composition
at high p: pions/kaons/protons = .6/.3/.1
- very weak flavor dependence for primary variable TOT
- moderate effect for MIP response (CHA, PHA sampling fractions)
- larger effect for EM (CEM, PEM sampling fractions)
- negligible effect for hadronic E/p profiles due to normalization

FNAL/Rockefeller U., Aug. 30" 2007 Pedro A. Movilla Fernandez, LBNL



oy

Flavor Dependence weee)

= Extreme scenario: consider individual flavors (FAKEEV flavor/anti-flavor = 50%/50%)
NB: Minbias spectrum dominates low p.

E/p 7x7 (cor), plug
. 0.8

(Odata (av) (4530225
.Tp—tfake_r10 (205117) D.7F

—fake_r10_pi (125339)

0D.6F

0.5F

0.4F

03k

021

0.1

0 0 1] paloaaleialy
D 2 4 68 8 10 12 14 16 18 20 0 2 4 B 8 10 12 14 16 18 20 0D 2 4 6 8 1012 14 16 18 20 0D 2 4 8B 10 12 14 16 18_20
p/GeV p/GeV p/GeV p/GeV

E/p 7x7 (cor), plug

O o) (baokzs T T EM] S | i R
0.7—fake_r10_pi (125339) ; B 1
b—take_r10_K (60662)
0.h§ take_r10_p (19116)

0.8

05k

0.4 _+_|_+ s -
oafl ' w
O TH

021
D.1F _ 0.1F
[} SFY PIPY Y PR FETE FPY PR PP P PP 0 0 ] [ 118 VY TR Y I Y PR PP PO PP Y
0D 2 4 6 8 10 12 14 16 18_20 0D 2 4 6 8 1012 14 16 18_20 0D 2 4 6 B8 10 12 14 16 18_20 0D 2 4 6 8 1012 14 16 18_20
p/GeV p/GeV p/GeV p/GeV

= GFLASH treats pion/kaon/proton showers equally! Flavor dependence is pure effect of
different typical shower starts given by GEANT cross sections!

= Little /moderate effect in TOT/ MIP due to almost complete coverage of shower shapes.
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Lateral Profile Dependence —_—
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= Effect of varying the lateral profile core parameter R, from 0.05 to 0.50.
R, values used in Gen-5: 0.490 (p<5GeV), 0.015 (p>5GeV)
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s > W5 evMC i
Electron Response c L
p [ s Jly—e'e MC u
ME + Jy—e'e Data
= Electromagnetic scale is tuned in-situ using 10s f t i S
electrons from J/y (low p)or W (high p) decay ife Kﬁ‘ﬁ‘;m@gﬁ.“?** ! |
. AAALAA S
= MC — data discrepancy ... 0ss | :
- e pointing to inner 0.9x0.9 of target tower: 0.5% ol
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Jet Energy Resolution
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