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OUTLINE

® The Accelerators
® The Detectors

= The Physics Programs
= Today: Five Measurements

= Tomorrow:
= Surprises
= Searches

* The Informed Scientific Citizen
= How to possibly keep up with all of this?



THE ACCELERATORS

TEVATRON - LHC

TeVatron

The LHC
(Large Horrible Catastrophe)




THE ACCELERATORS

TEVATRON - LHC

TeVatron

T“?‘Y,Eﬁ The LHC
N (Large Hadron Collider)




ACCELERATORS

=proton beam: ~1 MJ
Ediameter: 2m km

mCenter of Mass
Energy: 1.96 TeV

®proton, anti-proton
collisions

Ehbeam: ~350 MJ
Ediameter: 27 km

mCenter of Mass
Energy: 7, 8 TeV
(137?)

®proton-proton
collisions



(A DECADE OF) TEVATRON PERFORMANCE

Collider Run Il Integrated Luminosity
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LHC PERFORMANCE (+ ATLAS)
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CROSS SECTIONS VS. ENERGY
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PARTONS CONTRIBUTING TO CROSS

SECTION

partonic subprocesses for quark dominated
central inclusive jet cross section )
LHC physics
08 I gluon dominated

0.6 |- aq

fractional contribution

200 400 600 a q g}_{‘l g a
p; (GeV) >m< e ; g<




THE DETECTORS

CDF

ATLAS

CMS
DO

10




THE DETECTORS

MUON CHAMBERS | INNER TRACKER CRYSTAL ECAL.
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Total Weight : 14,500 t.
Overall diameter: 14.60 m
Overall length : 21.60m
Magnetic field : 4 Tesla
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TEVATRON TRACKERS

CDF DO
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TRT

TRACKING CHAMBERS

ATLAS

("R = 1070mm

SCT{

R =122.5mm
Pixels { R = 88.5mm

R =50.5mm

TRT
\_R = 559
[ R =514mff
R = 443mm
R =371mm
L R =299mm
SCT

Pixels

R = Omm‘
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CALORIMETERS: TEVATRON

CDF Calorimeters DO Calorimeters

n=1.0
™ 543210
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11 i)
n=2.0 13 M E Mg
- -~ 15 i = ————a——coll
Az gl i ———tracking syst
n=3.0 .o HPHABBIPEM—/—F{n= L
T T T R = vertex detector
7| Range Ap | Ag

0. - L1(L2h) | 15° | ~ 0.1
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CALORIMETERS: LHC

ATLAS and CMS
electromagnetic
calorimeters

Towers in Sampling 3
AgxAn = 0.0245>0.05
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LHC CALORIMETER COMPARISON

(FROM C. TULLY CERN SUMMER SCHOOL LECTURE)

ATLAS Lead/L. Ar ECAL CMS PWO Crystal ECAL
Barrel Endcaps Barrel Endcaps
# of Channels 110,208 83,744 61,200 14,648
Lateral Segmentation (Anx Ag)
Presampler 0.025 x 0.1
Strip/Preshower 0.003 x 0.1 0.005 x 0.1 32 S /4 crystals
Main Body 0.025 x 0.025 0.0175x0.0175 | Upto 0.05x0.05
Back 0.05 x 0.025
Longitudinal Segmentation
Presampler 10 mm L. Ar 2x2mm L. Ar
Strip/Preshower ~4.3 X, ~4 X, 3 Xo
Main Body ~16 X, ~20 X, 26 X, 25 X,
Back ~2 Xo ~2 X,
Designed Energy Resolution
Stochastic: a 10% 10 - 12% 2.7% 5.7%
Constant: b 0.7% 0.7% 0.55% 0.55%
Noise: C 0.25 GeV 0.25 GeV 0.16 GeV 0.77 GeV 1




PHYSICS PROGRAM: MEASURE

Constrain, over-constrain, test, probe:
mass, width, lifetime, charge, kinematics, polarization, spin, ...

THE STANDARD MODEL

Fermions Bosons
up charm top photon
&
D
L d b Z
L]
s N
down strange bottom Z boson g
O
@
O
@
V V V. W
e M T W boson “
= electron muon tau
£ neutrino neutrino neutrino
]
o

e U T U

gluon

electron muon tau
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PHYSICS PROGRAM: SEARCH

Particles

’ \ Supersymmetry, extra dimensions, gravitons, mini black holes

9 ° leptoquarks, axions, dark matter, rare decays, CP violation, ...

© Sabine Hossenfelder x
Y
Y 'K .
€ Supersymmetric \ / I k

K. "shadow " particles | / cponi

. - @—- T RS
<7 l\ e
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USING THE STANDARD
MODEL AS A GUIDE

Toolbox




TAG AND PROBE WITH Z BOSONS

Tag: passes trigger

tight identification cuts FUEE8 L REET Gl

with known ID
e/u V4 e/W

Require ee / pu pair to
- have opposite charge
- give Z mass
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TOP QUARKS AS GUIDES

Measure b-tagging
efficiencies
[ Jet 1(b) oy

antiproton beam 2o § proton beam
b v e

Measure lepton
efficiencies in busy
environment common

in searches

neutrino

tt is a primary background in many searches
(we’ll discuss some of these tomorrow!)
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STANDARD MODEL BEHAVING TOO WELL

CMS

Nov 2012
o : :
Qo E W E $ 7 TeV CMS measurement (stai®syst)
1 05 E - Z i i 8 TeV CMS measurement (stat®syst)

bQ ! ! —— 7 TeV Theory prediction

121 = v —— 8 TeV Theory prediction
5 10eg 7 :
'-|3 H <] _Q_ i 1

3L S i i i

D10 : 23 1 o P Wy : :
7 5 < | >3 Lo |2y : 5
8 12k >4; 5 o wWwawz: WW :

' >4 : — P B ;
= : T = g : == WZ :
9 L : s ez
DS 10k Er >30 GeV ' E{>15GeV ! -
§e; : In" <24 ! AR(y)>0.7 | :
o : : : ' :
i 1 1 1 1

1 A 4 1507 49fp 4 4ofb’s
: 36, 19 pb : 5.0 fb : 35 fo! 53f

JHEP10{2011)132 CMS-PAS-EWK-11-010 (WZ)

CMS EWK-11-009

JHEPO1{2012)010
CMS-PAS-SMP-12-011 (W/Z 8 TeV)

CMS-PAS-SMP-12-005 (WW?7),
007(ZZ7), 013(WW8), 014(ZZ8), 015(WV)
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W MASS MEASUREMENT




W MASS AT CDF

W boson mass o
o
DO | 80483 = 84
o
DELPHI 80336 = 67
—_—
L3 80270 + 55
L Se—
OPAL 80416 = 53
—
ALEPH 80440 + 51
—_——
DO Il 80401 = 43
——
World Average (2009) 80399 + 23
..‘..
CDF 1l (preliminary) 80387 = 19
IIII|IIII|IIII|IIII|IIII|IIII

80000 80100 80200 80300 80400 80500 80600

W boson mass (MeV/c?) o



W mass used 2.2 fb1

roton
i 470126 W->ev events W AND Z
PRODUCTION
624708 W->uv events [l
TEVATRON
antiproton
proton
e+
q 70
q e_
antiproton

GOAL : mTZ\/Q(pcl%pch—ﬁqg'ﬁTy)




SELECTION

= Electrons = Muons
Drift chamber track, p; > 18 Drift chamber track, p; > 30
GeV Gev
EM Ca|0 Cluster > 30 GeV matching hlts in muon
track-cluster matching chambers and minimum-
In] <1 ionizing in calorimeter
E/p<1.6

transverse shower shape
requirement

reject events with 2"d lepton
lepton pT between 30 and 55 GeV
heutrino pT between 30 and 55 GeV
hadronic recoil < 15 GeV (using calo towers - lepton deposits)
transverse mass between 60 and 100 GeV
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BACKGROUNDS

5mW (MGV)

Background % of W — uv data mp it ph it pb fit

7 = up 7.35 + 0.09 2 4 5

W — v 0.880 4 0.004 0 0 0

= and k QCD 0.035 £ 0.025 1 1 1

decays _7DIF 0.24 £ 0.08 1 3 1

in flight Cosmic rays 0.02 £ 0.02 1 1 1

Total 3 5 6
Background % of W — ev data o ﬁ(imvg%(l\f{llte\/)p% £t

7 — ee 0.139 4 0.014 1 2 1

W — v 0.93 +0.01 1 1 1

QCD 0.39 £ 0.14 4 2 4

Total 4 3 4
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MEASUREMENT

Fit data to three distributions made in templates as a function of W mass
between 80 GeV and 81 GeV: transverse mass, lepton p;, neutrino p;

> = > i ;
& - * G
1 15000~ W v 10000 W —ev
o S -
; B ~
= I ¥2/dof = 58/ 48 2 »2/dof = 60/ 62
i3 10000~ >
- 5000
5000
0 ! i ! i | i 1 1 L | i i n 0 i EE T ot e L L L i
60 70 80 90 100 30 40 50
m(uv) (GeV) E;(e) (GeV)

(showing template comparison with best fit) 28



RESULT

—
Distribution W-boson mass (MeV) x?/dof

mr(e,v) 80 408 4 19.tat & 184yst 52/48
values are combined, ¢ ) 80 393 4 2140a0 & 195yt 60/62
taking into account v (¢) 80 431 + 255tat & 226yt 71/62
the correlations mr (i, V) 80 379 & 16gtat & 16syst 58/48
() 80 348 + 185at & 18syst 54/62
(1) 80 406 =+ 22t + 205yst 79/62

I

N
Source Uncertainty (MeV)

Lepton energy scale and resolution

Recoil energy scale and resolution

Lepton removal
Backgrounds
pr (W) model

Parton distributions

QED radiation

Tt W N O

10

W -boson statistics

12

Total

19

— fit results

—— uncertainties
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MEASUREMENT OF U
AND D COUPLINGS




D@: U AND D QUARK COUPLINGS TO Z

4

Measurement of sinzﬂeff and Z-light quark couplings using the forward-backward charge
asymmetry in pp — Z/y* — eTe” events with £ = 5.0 fb~ ! at \/s = 1.96 TeV

Measurement

of vector and axial-vector

PRD 84, 012007 (2011)

8A

], = I, — 2q, - sin20)y,

=y

couplings of u, d to Z bosons

TABLE VIII. Measured g'{,(d’ and g:(‘” values from different experiments compared with the SM predictions. The DO results are
derived from best two-dimensional and four-dimensional y? fit, given with their total uncertainty.

g4 gy 7 gy
DO (2-D) 0.501 + 0.061 0.202 + 0.025 —0.477 = 0.112 —0.377 + 0.081
DO (4-D) 0.501 = 0.110 0.201 +0.112 —0.497 = 0.165 —0.351 = 0.251
CDF [21] (4-D) 0.441+0218 0.399+0.166 —0.016+93% —0.2260.84
H1 [22] (4-D) 0.56 = 0.10 0.05 +0.19 —0.77 = 0.37 —0.50 + 0.37
LEP [15] (4-D) 0.4740% 0.24+028 —0.52*9% -0.3370%
SM [16] 0.501 0.192 ~0.502 —0.347




_,l""-‘-. 0.5

D
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— PYTHIA
--- ZGRAD2

Statistical uncertainty
Total uncertainty

1 1 1 1 I
70 100

300
M., (GeV)

500
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RESULTS

® [ (a)
- uquark
0.6 RN <— Average 0.23153+0.00016
)
0.4 '
- Ay _— 0.23099 + 0.00053
02k 3 A(P) - 0.23159 + 0.00041
[ e A, (SLD) . 0.23098 + 0.00026
0 __ Do (4-D): 501" 68% C.L.
03 0 02 04 06 'o.'s;u A0
A & o 0.23221+ 0.00029
5 . — ®) AD° —— 0.23220 + 0.00081
r ‘e CDF
o ; s Qpae ——e——  0.2324£0.0012
L .' [ O | DE'::D.), 5:.0 1b::
02 om0 d A,, (DD), 5.0 f6' —e— 0.2309 + 0.0010
S quark | , . | | |
-0.4 :
[ Y 0.228 023 0.232 0.234 0.236 0.238
-o.s:— ha sin” O
68% C.L.

_u Loy b b by oy v by s 1y
08~ 98 .06 -04 -02 -0 0.2
g, 33



TOP QUARK WIDTH




TOP QUARK WIDTH

T = h/T
Channel:
ttbar lepton + jets
technique: t Predicted width:
2-D template method 1.25 GeV

with reconstructed mass -
and invariant mass of
jets in hadronic W decay

CDF Note 10936 35



DETERMINE MASS

chi squared created for each pairing of jet and leptons
consistent with b-tagging

mass with minimum chi squared is used for each event

i, fit 1, meas\ 2 UE,fit  UE,meas\2
2 (pT — Pr ) (pj Pr )
X = > 52 + > 52
1=l,4j5ets v Jj=z,y J
(My, — Mw)? | (mj; — Myw)?
['2 - ['2
w 1%

(Mbly . mgeco)Z (Mbjj . mieco)2
I'? I'?

_|_
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DETERMINE MASS

SRBLEN £ G S U el constrain un-clustered energy

I [y <~ constrain with W mass

( My, — mgeco)Z ( Myj; — mieco)2 (most powerful constraint in fit)

two top quark masses constrained to be equal
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TEMPLATES

Reconstructed mass templates without and with b-tags

O-tag Tagged

£ £ 01
c c
50.09 5
2 2
“0.08 < F

0.07 i

0.06 — Iy =5.0 GeV u — Iypp = 5.0 GeV

0.06—
0.05 B
— Ftop =10.0 GeV B — Ftop =10.0 GeV

0.04 0.04—

0.03 B

0.02 0.02 -

0.01 -

foo 150 200 250 300 350 oo 150 200 250 300 350
mie (GeV/c?) mie®° (GeV/c?)
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WIDTH: BACKGROUNDS

CDF II Preliminary 8.7 fb™*

0-tag 1-tagL 1-tagT 2-tagL 2-tagT
W+jets 703 =199 170 £ 60 1024+ 37 11.6 £4.9 84 4 3.5
Z+jets 523 £44 89+11 594+07 08+£01 0.5=+0.1

Single top 48+ 05 105£09 68=x06 22x03 1.7=x0.2
Diboson 60.3 £ 56 111 +14 &85 xx11 1.0x0.2 08 +x0.1
Multijets 143 = 114 34.5 £ 12.6 20.7 £ 16.6 4.4 &+ 2.5 2.5 £ 2.4

Background 963 £+ 229 235 + 61 144 &£ 41 199 4+ 5.5 13.8 &+ 4.2
tt signal 645 £ 86 695 = 87 867 = 108 192 &= 30 304 X 47

Expected 1608 4+ 245 930 4+ 106 1011 + 115 212 + 30 318 + 47
Observed 1627 882 997 208 275
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RESULTS

140 CDF Il Preliminary 2007 CDF lI Preliminary
~180" \ .+ Data (8.7 fb"
120  Data (8.7 fb™) 0160 17 .aa( ’ )
> 100 [7) Signal+Bkgd 2140 y [1Signal+Bkgd
LN 71 Bkgd only 5120 5] Bkgd only
w 80 p i =100
B ol y 7 0-tag >
t 60 J i £ 80
) A c
i 4o // iy £ %
/
20 4 // 9%,
, Y 20 ,
! % //////////;’f’ffé&,@&ﬁ;;;;;.m._ P 4 2w
foo 150 200 250 300 350 % 60 70 80 90 ,100 110 120
miee° (GeV/c®) m; (GeV/c?)
180~ CDF Il Preliminary
250 imi
A { CDF I Prellmlnilry JRCVE . Data (8.7 fb)
©200- * Data (8.7 fb) Q140 [ Signal+Bkgd
> /) Signal+Bkgd 8120 ' Bkgd only
31507 7] Bkgd only 0100
2 Tagged S 80 Tagged
§100* "q&,' 60—
w 501 u>4 40— 1y, / .
20+ : 0t
. a?/fzr?é”.@@%lml 8.9 | L fﬁéﬁmgm%@ﬁ.?”" Do
foo~ 150 200 250 300 350 % 60 70 80 90 ,100 110 120
miece (GeV/c?) m; (GeVi/c?) 40



LIKELIHOOD FIT

# of signal and background

events must obey Poisson stats constrains # of background events
to predicted value (n,)

(0 = nb)Ne_(”s+nb) _ (po—np)? /

Eshape — X € nb0

N
reco

N
y H ns Ps(mi®°,m;;; Liop, Asrs) + np Py (my
Ns + Ny

,mMjj; Ajgs)

1=1

P(m;°°,m;;|I'iop, Ajes)  Probability functions from Kernel Density Estimation
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MEASUREMENT

Ciop = 2.21f(1):gg(stat)f(l):ég (syst)GeV = 2.2177151GeV.

Toop = 2.981302 x 10™%s

0.45 LI T 17T LI T 17T L L L L O L e

0.4 ................. .................. ............... — A log(L) = 0.5

0.35

0.15

0'1— : : : : : :
0-05:|c|D|F!IPrnelimiqa"y|8'|7|fb|-1| L | L1 | L1 | L1

0 0.5 1 15 2 2.5 3 3.5

rmeas (Gev) 42



TOP QUARK MASS
COMBINATION

TeVatron




CDF AND DO TOP QUARK COMBINED

MASS

Top Pair Decay Channels dilepton 4
w+ \Y

proton

antiproton

electron+jets
muon-+jets
tau+jets

all hadronic aq

tau+jets
muon-+jets

Q|

o o

electron+jets

antiproton

Q|



TOP MASS: TWELVE CHANNELS USED

This table shows the twelve channels in the correlation matrix
between channels, including both CDF and DO

Run I published Run IT published Run II preliminary

CDF DO CDF DO CDF

L+jets 0L alljets L+jets 0L L+jets 0L alljets Lxvy L+jets 0L MEt

CDF-I £+jets 1.00 0.29 0.32 0.26 0.11 0.49 0.54 0.25 0.07 0.21 0.12 0.27
CDF-I ¢¢ 0.29 1.00 0.19 0.15 0.08 0.29 0.32 0.15 0.04 0.13 0.08 0.17
CDF-I alljets 0.32 0.19 1.00 0.14 0.07 0.30 0.38 0.15 0.04 0.09 0.06 0.16
D®@-1 £+jets 0.26 0.15 0.14 1.00 0.16 0.22 0.27 0.12 0.05 0.14 0.07 0.12
D®-1 ¢¢ 0.11 0.08 0.07 0.16 1.00 0.11 0.13 0.07 0.02 0.07 0.05 0.07
CDF-II £Z+jets 0.49 0.29 0.30 0.22 0.11 1.00 0.48 0.29 0.08 0.30 0.18 0.33
CDF-II ¢4 0.54 0.32 0.38 0.27 0.13 0.48 1.00 0.25 0.06 0.11 0.07 0.26
CDF-II alljets 0.25 0.15 0.15 0.12 0.07 0.29 0.25 1.00 0.04 0.16 0.10 0.17
CDF-II Lxvy 0.07 0.04 0.04 0.05 0.02 0.08 0.06 0.04 1.00 0.06 0.03 0.04
D®-II ¢+jets 0.21 0.13 0.09 0.14 0.07 0.30 0.11 0.16 0.06 1.00 0.39 0.18
DO@-I1 ¢¢ 0.12 0.08 0.06 0.07 0.05 0.18 0.07 0.10 0.03 0.39 1.00 0.11
CDF-II MEt 0.27 0.17 0.16 0.12 0.07 0.33 0.26 0.17 0.04 0.18 0.11 1.00
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CDF AND DO TOP QUARK COMBINED

Mt — 17320 _

uranium noise

MASS

- 0.51 (stat) & 0.71 (syst) GeV /c?

Tevatron combined values (GeV/c?)

in DO calo > Offset (UN/MI)

(Run 1)

M; 173.20
In situ light-jet calibration (1JES) 0.36
Response to b/q/g jets (aJES) 0.09
Model for b jets (bJES) 0.11
Out-of-cone correction (cJES) 0.01
Light-jet response (2) (dJES) 0.15
Light-jet response (1) (rJES) 0.16
Lepton modeling (LepPt) 0.05
Signal modeling (Signal) 0.52
Jet modeling (DetMod) 0.08
0.00
Background from theory (BGMC) 0.06
Background based on data (BGData) 0.13
Calibration method (Method) 0.06
Multiple interactions model (MHI) 0.07
Systematic uncertainty (syst) 0.71
Statistical uncertainty (stat) 0.51
Total uncertainty 0.87
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TAU POLARIZATION




TAU POLARIZATION

P . oRp — 0y, relative cross-section
T of left- and right-
OR+ 0L handed t ;
anceataus Process | P, Prediction
t.> -
Access to P_ allows for WE> v 1
t.> 1V +1
= tests of the SM
= searches for new physics Z->TT =-0.15
= discrimination between processes H->T1T 0

T SUPPRESSED PREFERRED

PREFERRED

SUPPRESSED

)

Tdirection
in lab frame

tdirection
in lab frame

tdirection
inlab frame

48



TAU DECAYS

tau decay channels and their branching ratios

Channel Dominant Decay Mode BRI[%)]

Y € Velr 17.82 + .04
[T %7 [T 7 78 17.39 £+ .04
h—v T Uy 11.61 = .06
h—7v p Uy — T U, 25.94 + .09
h-n'7 (7w | ajv, — 7 7'7lu; 10.85 = .11
h=h~h*(7°) | ajvr — 77 70 14.56 = .07

Unlike former experiments with electrons and positrons where the initial beam
energy gave important constraints to the kinematics,
at a hadron collider, we do not know the initial energy of the interaction.
(not a one-to-one mapping of optimal observables!)

The ability to access the final state particles from the p decays is a way
to regain sensitivity at the LHC.
49



POLARIZATION OBSERVABLE

Charged Asymmetry: Y

When the energy is shared evenly between
charged and neutral pions
Y will peak at zero

When the energy is shared unevenly between
charged and neutral pions
Y will have peaks at +1 and -1

2(tracka )

1

fClMpT

transversely polarized
p favored by 1,

1 0 1y

longitudinally polarized
p favored by T,

14 0 1y
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SAMPLE COMPOSITION

EW background from
simulation, not

dependent on\ Data 1136
tau Polarization Electroweak Background 138 + 4
Left-Handed Signal

Sample Number of Events

W — v 1002 + 16
Multijet background Multijet Background 69 £+ 6
from data, corrected ' Right-Handed Signal
for signal contribution W — Trv 1523 + 22
Multijet Background 79 + 4

(and therefore dependent
on tau Polarization)

Signal to background ratio better than 5:1
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Distributions

Entries/5 GeV

’/

Expected Distributions _--
for right-handed taus - _

Expected Distributions
for left-handed taus

s/0.01

Entrj

The handedness, given its
impact on momentum,
affects both the acceptance
and the shape of distributions

lllllll

NCTT
\

Illlllllll

A

ATLAS

\'s=7TeV

J L dt =24 pb’
® Data 2010
OW— 1 Vv
[ Multijets
B EW

- W 1v

IlllllllllllllllIlIIIIIIlI

T %

ET [GeV]

ATLAS
\'s=7TeV

I Ldt=24pb’
® Data 2010
JW—- 1 v
] Multijets
B EwW

=W 1y




SYSTEMATIC UNCERTAINTIES

Sources of Systematic Uncertainty

Source +AP, -AP;

Energy scale central 0.042 0.063
Energy scale forward  0.007  0.002

EXss resolution 0.014 -

No FCal 0.003 -

T identification 0.005 0.006
Trigger 0.007  0.006
MC model 0.020 0.020
W cross-section 0.005 0.005
/Z cross-section 0.006 0.006

Combined 0.05 0.07
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RESULTS

- --- Right-handed

T

20

5 - [ I I :_: _' I [ [ ]
9 - L ATLAS .
£ 100[ L -
i e Lol Ns=7TeV .
80 [ : :' B I._ o -1 ]

T | ! L dt =24 pb ]

60+ " @ Data2010 |

:: - —Fit i

40 i ----- Left-handed E

3

-

P. = —1.06 +0.04 (stat) T003 (syst)
arXiv:1204.6720v1
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