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* Lecture I:

= Measuring a cross section
 focus on acceptance

* Lecture ll:
= Measuring a property of a known particle

* Lecture lll:

= Searching for a new particle
* focus on backgrounds



Diffterential Cross Section
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* Measure jet spectra differentially in E; and

Nobs(1)-Npc (1)

* Cross sectioninbini: ., _
o) = —TTdteG) ;




Differential Cross Section: Unfolding

“Unfolding” critical for jet cross

sections
Measure:

= Cross section for calorimeter jets

Want:

= Cross section for hadron-jets

Unfolding factor (bin by bin):
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Ci = CAL
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But, unfolding factors depend on MC

E. spectrum



Differential Cross Section: Unfolding
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°*  Problem:

= Steeply falling spectrum causes migrations to go from low
to high p+
« Measured spectrum “flatter” than true spectrum

= Size of migration depends on input spectrum

°* Requires iterative procedure (bin-by-bin unfolding):
1. Measure using spectrum from MC
2. Fit measurement

3. Reweight MC to reflect data measurement => go back to 1.
5



Example for Bin-by-Bin Unfolding
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* Correction to unfolding factors <10%
= One iteration sufficient in this example
= Starting spectrum was already quite close to data



Systematic Uncertainties:

Jet Cross Section

|8% uncertainty on resolution (D=0.5) I

|Jet Energy Scale Uncertainty (D=O.5)I
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* For Jet Cross Section the Jet Energy Scale (JES) uncertainty is dominant
systematic error

= 3% uncertainty on JES results in up to 60% uncertainty on cross section
= 8% uncertainty on JE resolution causes <10% uncertainty on cross section



Jet Cross Section Result
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* Cross section falls by 8 orders of magnitude in measured
E; range
* Data in good agreement with QCD prediction
= Experimental and theoretical errors comparable 8



Measuring Properties

of Particles



The W* Boson Mass
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W Boson mass

* Real precision measurement:

= LEP: M,,=80.3671£0.033 GeV/c?

= Precision: 0.04%

« => Very challenging!

°* Main measurement ingredients:

= Lepton p;

= Hadronic recoll parallel to lepton: u,
* Z—ll superb calibration sample:

% but statistically limited:
« About a factor 10 less Z's than W’s

* Most systematic uncertainties are related

to size of Z sample }[)T ~ |])T + "u..|||
= Will scale with 1/VN, (=1/AL)

mr = -\/21)pr (1 — cosAo),




How to Extract the W Boson Mass

* Uses “Template
Method™:

= Templates created from
MC simulation for
different mW

= Fit to determine which
template fits best

= Minimal %2 = W mass!

* Transverse mass of

lepton and Met
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How to Extract the W Boson Mass

(figures from Abbott ez. al. (DO Collaboration), PRD 358, 092003 (1998))
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* Alternatively can fit to
= Lepton p; or missing E;
* Sensitivity different to different systematics
= Very powerful checks in this analysis:
 Electrons vs muons
* Zmass
* my vs py vs ME; fits
= The redundancy is the strength of this difficult high precision analysis 13



Lepton Momentum Scale

* Momentum scale:

Events / 0.01

4000

2000

Cosmic ray data used for detailed
cell-by-cell calibration of CDF drift
chamber

E/p of e+ and e- used to make
further small corrections to p
measurement

Peak position of overall E/p used to
set electron energy scale

» Tail sensitive to passive material
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Momentum/Energy Scale and Resolution
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* Systematic uncertainty on momentum scale: 0.04% 15



Hadronic Recoil Model

* Hadronic recoil modeling

= Tune data based on Z's
= Check on W’s

-~
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Systematic Uncertainties

mr Fit Uncertainties

Source W — pr W — erv Correlation

Tracker Momentum Scale 17 17 100%

Calorimeter Energy Scale 0 25 0%

Lepton Resolution 3 9 0% Limited by data
Lepton Efficiency 1 3 0% statistics

Lepton Tower Removal 5 8 100%

Recoil Scale 9 9 100%

Recoil Resolution T 7 100%

Backgrounds 9 8 0% Limited by data
PDFs 11 11 100% and theoretical
W Boson pr 3 3 100% understanding
Photon Radiation 12 11 100%

Statistical 54 48 0%

Total 60 62 -

TABLE IX: Uncertainties in units of MeV on the trans-
verse mass fit for mw in the W — pur and W — ev
samples.

* Overall uncertainty 60 MeV for both analyses
= Careful treatment of correlations between them

° Dominated by stat. error (50 MeV) vs syst. (33 MeV)

17



W Boson Mass

CDF Il preliminary L dt ~ 200 pb'1
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* World average: It s

M,=80398 £ 25 MeV

* Ultimate Run 2 precision:

~15 MeV 18



The Top Quark

19



Top Quark Cross Section

SM: tt pair production, Br(t—=bW)=100% , Br(W->lv)=1/9=11%

dilepton (4/81) 2 leptons + 2 jets + missing E;
lepton+ijets  (24/81) 1 lepton + 4 jets + missing E;
fully hadronic (36/81) 6 jets

* Trigger on electron/muon
\ = Like for Z's

© * Analysis cuts:

= Electron/muon p>25 GeV

= Missing E;>25 GeV

= 3 or4 jets with E;:>20-40 GeV

: ‘ b-jets ‘

lepton(s)
‘ missing ET ‘ more jets ‘

20




Top Mass Measurement:

tt—(blv)(bqq)

Lepton

# Light quark jet

Light quark jet ‘
< “\

* 4 jets, 1 lepton and missing E;
= Which jet belongs to what?
= Combinatorics!

* B-tagging helps:
= 2 b-tags =>2 combinations e
= 1 b-tag => 6 combinations
= 0 b-tags =>12 combinations

* Two Strategies: w’
= Template method: q t e

_— g
 Uses "best” combination ()(}(}(}(ﬁ -
« Chi2 fit requires m(t)=m(t) /“—‘ W e
= Matrix Element method: G t Ny Ve

» Uses all combinations
« Assign probability depending on
kinematic consistency with top 21

Tl



Top Mass Determination

2-tag ] 1-tag(T)

* Inputs:

NZ 10003— [ Al Events Nz %ggg: [ Aul Events
= Jet 4-vectors > 800 RMS = 27 Gev/e®| 2> 12885 RMS = 32 GeV/c?
(U] F Il Corr. Comb (47 %) (O] 1200E Il corr. Comb (28%)
u Lepton 4-vector © 600- RMS = 13 GeV/e?| 121000 RMS = 13 GeV/c?
ini 2 w0 R
= Remaining transverse 8 oot § 400-
E 200:
ener : ok i
9Y, Pr.ue 0560 150 200 250 300 350 0500150 200 250 300 350
* Pry=(Pr P UET 2 Prjet) mi*=°(GeV/c") mree°(GeV/c?)
* Constraints: _ 1-tag(L) o00. 0-tag
< 7005 T 200-
—_— K3) E [J Al Events o 800F ] Al Events
- M(IV)_MW = ggg‘ RMS = 31 GeV/c? = 288— RMS = 37 GeV/c?
—_ o 3 Il corr. Comb (18%) o 3 Bl Corr. Comb (20%)
- M(QQ)_MW v 400 RMS = 13 GeV/c? L 288‘ RMS = 12 GeV/c?
- g 300 T o0
= M(t)=Md) S 200 = o5
*  Unknown: i 105 i} 100
) ] 0100 150 200 250 12300 350 100 150 200 250 12300 350
= Neutrino p, m;*°*(GeVlc’) m{*=*(GeVic’)

°* 1 unknown, 3 constraints:
= Qverconstrained

= Can measure M(t) for each . m—
event: m,reco Selecting correct combination

20-50% of the time




In-situ Measurement of JES

* Additionally, use W—jj mass resonance (M;) to

measure the jet energy scale (JES) uncertainty

2D fit of the invariant
mass of the non-b-jets

and the top mass:

JESo M(jj)- 80.4 GeV/c2

Measurement of JES scales directly with data statistics

23



Top Mass Templates

1-tag Lepton+Jets

0.1 4‘" CDF Run Il Preliminary 2 F
] 5 [ — 104 (00)
0.1 2_'—' tOp . _90.05_—
NE " [ ]145 GeVic < L 00ag )
> 0.1- | [ ]165GeV/c? 0.041-
L : L —+1.0A, (o,
0 0.08" []185 Gevre? ooz
T 205 GeV/c? .
9 0.02[-
0 -
I -
e 0.01—

%0 60 70 80 90 100 110

200 250 300 M, (Gevic’
mt'oe:" (GeVic?) 1-tag 2d Signal probability (M,__ = 170 GeV/c?)
o
©
| | >
* Fit to those templates for &
;7=

= Top mass
= Jet Energy Scale

miee® (GeV/c’)



Measurement of JES at LHC

* Large top samples £ o .
= Clean W mass peak 2000 s
1500 —f

o

* Allow measurement of JES _

as function of Jet Energy e T S S,
O0 60 80 100 120 140 160 180 200
Reconstructed W mass [GeV]

v 1l T T T T T T

. .. 1.08§—ATLAS 10 fb_l
* Can achieve 1% precision

1.04

with 10 fb- 102

0.98
0.96
0.94
0.92

0 L L1 l L L 1L 1 l L L 1 l Ll L 1 l L L 1 l L L 1 l L L1 l L1
% 50 100 150 200 250 300 350 400
E,, [GeV]

-
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Template Analysis Resultsonm,

* Using 344 lepton+jets and 144 dilepton candidate events in 1.9 fb"’
* Using in-situ JES calibration results in factor four improvement on JES

- I T I T T E T ] I ] T i T 1] ] T | I
; . ==Alog(L) = 0.5

T

= AlogiL) =2.0
== A logiL) =4.5

0.5

|CDF Run I Preliminary (19f0) | . | . |
166 168 170 172 174 176 178
M, (GeV/c’)

m,,, = 171.9 £ 1.7 (stat.+JES) + 1.0 = 171.6 + 2.0 GeV/c? |




‘“Matrix Element Method”

* Construct probability density function as function of m,, for
each event

* Multiply those probabilities of all events

signal signal signal background _ experiment
P_ P_ P P P
sig . sig B sig L~ bkg evt
P 5 ; i /-\
VAN IS AN N
top mtop mtop mtop mtop

P, (x;m,,,JES ):Acc(x)xéf d" @) dq; dq, f(q,) f(q,) W(x;;5JES)

Acceptance LO-Matrix element PDF’s Transfer Functions
(selection, X phase space (Probability to measure

trigger,...) x when y was produced)

> maximum Likelihood fit: .
L(.’Iil, -y s Mitop; JES ftop) — H Pevt (Tz, Mtop, JES; ftop)

gi=1



Check you get the right answer

D@ Run lIb Preliminary, L=1.2 fb DG Run lIb Prellmlnary, L=1.2 fb1
o 15 '."' - B H i Pt
-~ r/p0 1.70 £ 0.13 i @ 006l PO 20.016 £ 0.00 |
= L pl 1.00+ 0.02 ’ o [Pl 0.952 + 0.032
12; 10 —_— E -
g L E 0-04 [ ——— R AR — '..'.;.'.: ...................
i [ -
5 .
: 0.02 [ ——— "" i
0{ 0_ "'»""//
-5: ' le tOﬂ-}-'ets _0_02 i % ""’ / N s
L P I i / Iepto n+|ets;
" * JES*™'-1.00 i rany. Y
A0 ‘ , ' -0.04 / M, =170 GeV
4 l ) { -0.06 i = A (/ .......................
-1515 — kio)Li_k-Sﬂ—Al 1_6 o L571 l 16L 1‘5 _'l L1 L1 1 L1 1 L1 1 L1 L1
True Mmpq 70 -0.06 -0.04 -0.02 0 0.02 0.04 O. 06

True JES-1

* Run “Pseudo-Experiments” on Monte Carlo to see if you get out the mass
that was put in
= Pretend MC is data and run analysis on it N times
* Non-trivial cross check given the complexity of the method
= If not: derive “calibration curve” from slope and offset
28



Matrix Element Top Mass Results

D@ Run lIb Preliminary, L=1.2 fb™

n 1.1
i _ lepton+jets, calibrated
1.08_—
1.06_—
1.04_—
1.02__ A |nL=0.5
. A InL=2.0
1_
L A InL=4.5
098_IIIII|III|III|III|III|III|III
99166 168 170 172 174 176 178 180
M,., (GeV)

DG: 2.2 fb-'

CDF Run 2 Preliminary 1.9/b
Number of events

4
60

5o§
';1
3

40§ 1 ?
E } l
30—5

i ;B

120 140 180 220

160
Top mass value at peak of likelihood curve (GeV/c/2)

200 240 260

Signal (172) + background MC = Data events

P Background MC

CDF: 2.9 fb-

| m,, = 172.2 £ 1.0 (stat) + 1.4 (syst) GeV

[ m,, = 172.2 £ 1.0 (stat) + 1.3 (syst) GeV |

+1.0%

+1.0%



Results

Combining M

top
° Exce”ent results in each Mass of the Top Quark (*Preliminary)
channel CDF-! di ¢ 167.4+10.3+ 4.9
* Dilepton DO-I i ¢ 168.4+12.3 + 3.6
- Lepton+Jet_s CDF-Il di- | 171.2+2.7+2.9
= All-hadronic ; . ——
. . sl 1744432+ 21
o
Comb!ne them to improve COF-1 14 e e s ey
precision DO-1 1+ 180.1+ 3.9+ 3.6
= |Include Run-I results CDF-II I+ [ 1722+ 1.0+ 1.3
: , e
= Account for correlations ol | IR
. DO-lb 14] 173.0+ 1.3+ 1.7
* Uncertainty: 1.2 GeV S e
_ . S 186.0+10.0+ 5.7
* Dominated by systematic COF-1 all T 1769+26+33
uncertainties ‘CDF-I trk 1753+ 6.2+ 3.0
‘Tevatron July'08 | 172.4+0.7+ 1.0
(stat.) = (syst.)
| | | | yf/dofi= 6.9/11.0 (i81%)

150 160 170 180 190 200
M, (Gevic?)



Implications for Higgs Boson

m,, constrained in the Standard Model LEPEWWG 07/08
July 2008 My =87+36 27 GeV
: ; : : : ] l . March 2008 m, =180 Ge
{1 — LEP2 and Tevatron (prel.) 6 2o :
80.54 — LEP1 and SLD x Aa'hsq'd=
68% CL 5 % 3 —0.02758+0.00035
c ‘ i - 0.02749£0.00012
~ @ 4 - incl. low Q datz -
¢ 304- -
] = "= 3 J
... 2
80.3 = 1
' | 1
150 175 200 0 Excluded Preliminary
! : |
m, [GeV] 30 100 300
m,, [GeV]
Direct searches at LEP2: Indirect constraints:

m,>114.4 GeV @95%CL my<160 GeV @95%GL



Measuring Properties of

Supersymmetric Particles
(in case they exist)

32



Spectacular SUSY Events (?)

* Long cascade decays via
several SUSY particles

= In classic models quite possible

* Would be a wonderful
experimental challenge!

= But of course very possible also
that it does not happen

* |f Nature is like this:

= Need to try to reconstruct
masses of all those particles

* Main method:
= Measure “edges’

33



Spectacular SUSY Events (?)

* Long cascade decays via
several SUSY particles, e.qg.

Jr — )qu(—:, ~Fq) — atadar:

= In classic models quite possible

* Would be a wonderful
experimental challenge!

= But of course very possible also
that it does not happen

* |f Nature is like this:

= Need to try to reconstruct
masses of all those particles

* Main method: i | ()\/1 (7>
I)I“r = N0 — - — _— s
= Measure “edges’ 2 my9 mp

Only for opposite sign
same-flavor (OSDF)
leptons 34




Dilepton Edge Fit

— LI I N L N N O | ‘/'2:' e 40.11/ 45 ',(2." ndf 25.08/ 26
_IQ : : prob 0‘679 .. = 7RI LD i li | 5T F ) R EI L Endpolnt1 55 76 iy 1 20
= = ! Endpoint  09.66 + 1.399 - . | | Y
% - SU3 i Norm.  -0.3882 : 0.02563 = 100: SU Eﬁ;’;’;m 2;92.26 f?ﬁ
= 40F Smearing __2.273: 1.330 > gob Norm2 2073+ 292.5
o F 3  =E 7
o - 0! _ ]
S 30 = o i
2 F ATLAS prel. 3 = 60f ATLAS prel.
E 20 - 2 b =]
G E 1fp! £ = :
‘°:‘+ __ = 20F 3
ot : al . os| ]
e M. -DVVOOUTI votUO% V00 00 VOO~
s 0 20 40 60 80 100 120 140 160 180 200
m(ll) [GeV] )
m(ll) [GeV]

* Background from different flavors subtracted Xe‘e+utu-etu-pre
= Removes random SUSY backgrounds, top backgrounds,..

* Fit for dilepton edge

= With many such edges one can maybe get a beginning of an
understanding what is happening!

= Different models look differently meoe =ng¢ e ( L )\/1 = ("'—7°> .

I)I}-,gl III{‘




How well does this work?

Endpoint | SU3 truth SU3 measured SU4 truth SU4 measured
My 501 517430410113 340 343+12+349
myy, 249 26531741547 168 161 +36+20+4
) 325 333+6+6+8 240 201 494345
M 418 445+ 11+11+11 340 320+8+3+8

lq(high)

* Works reasonably well...
° Can even try to extract high-level theory parameters
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SUSY Parameters at GUT scale!?!

L ATLAS
E={}-SU3vaIues

A Vi NS G WL TR 1R ks T |
250 300

0

(N P W L ]
350 400 450
M, [GeV]

Parameter SU3 value

fitted value  exp. unc.

sign(u) =+1
tan f3 6 7.4 4.6
M, 100 GeV  98.5GeV  +9.3 GeV
M, 300 GeV  317.7GeV  +6.9 GeV
Ao —300 GeV  445GeV 4408 GeV
sign(u) = —1
tan 3 13.9 £2:8
Mo 104 GeV  +18 GeV
M, 309.6 GeV  +5.9 GeV
Ao 489 GeV  +189 GeV

tan([3)

40F-ATLAS == SU3 values

0 1000 2000 3000
A, [GeV]

%

(=]

Depends if we understand
our model well enough

Personally | am very
skeptical that we can do
this
= But would be great to have
that problem! 37



* Several methods of extracting property of particle
= Template method is widely used
= Matrix Element technique extracts more information
= For known shapes simple fits can also be done

°* Examples:

= W boson mass (precision ~0.06%)
= Top quark mass (precision ~0.7%)
= SUSY particles

* | hope we will be able to measure properties of
many new particles!

= Let's see how to find them first in the next lecture

38



