Measurement and Discovery at the Tevatron

L
L. 2

Thomas R. Junk

Fermilab

 The Tevatron and its Experiments
* The Basics: Jets and the Weak Vector Bosons W and Z
 The Top Quark
* Discovery
* Cross Section
* Mass
* Single Top
* B, Mixing — a Technical Challenge
e Higgs Boson Searches and Measurements
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The Tevatron and Associated Accelerators

FERMILAB'S ACCELERATOR CHAIN

/ ‘-<-_\ MAIN INJECTOR
—

,/, R

{ 1/ - TARGET HALL
\ \ \
' ﬁ ANTIPROTON
< sounc&
\ COF
SN I B f\ “so0sTeR
TR — " 37 UNAC
- o

TEVATRON

" COCKCROFT-WALTON

Cockroft- Linac Booster
T Walton
Loty WE ppbar collisions at 1.96 TeV
’ pbar debuncher Luminosity up to 400E30 cm2s?
and accumulator A very good week: ~80 pb!
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Fermilab from the Air
pp Collisions at /s =1.96 TeV
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accumulator &

Main Injector — new for Run |l

pbar recycler — not used to recycle pbars but used
as-a second storage ring to accumulate pbars |
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First CDF pp event: 1985
End of operations: 2011

End-Plug Electromagnetic Central Muon Central Muon Upgrade (CMP)
Calorimeter (PEM) Chambers (CMU)

End-Wall Hadronic
Calorimeter (WHA)

Central Muon Extension (CMX)
Lepton coverage:

In| < 1.5 (muons)
In| < 2.0 (electrons)

End-Plug Hadronic
Calorimeter (PHA)

Cherenkov Luminosity
Counters (CLC)

s «— Protons
gﬁ' b-tagging with

Tevatron
Beampipe — |T|| <~1.4
—
11 - Jets to

Anti-__, ] Barrel Muon

protons Chambers (BMU) IT'I <2.8
Higgs analyses
restrict to

Central Outer Tracker (COT)

Solenoid

Inl <2.0

Central Electromagnetic Interaction Region

Calorimeter (CEM) Layer 00 Dijet mass
Central Hadronic Silicon Vertex Detector (SVX 1) . ~ (4}
_ resolution: ~16%
Calorimeter (CHA) Intermediate Silicon Layers (ISL)
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CDF Run Il Trigger
System

Bunch Crossing Rate: ~1.7 MHz
Level 1 trigger ~15 KHz

tracking
calorimeter: jets & electrons
muons

Level 2 trigger ~800 Hz
L1 information (tracks, e, u)
calorimeter shower max
silicon information

algorithms run in L2 processor

Level 3 trigger ~200 Hz to tape
full detector readout
event building

“offline” processing
4/13/13

CDF Detector Components K. Pitts
CAL COT | [MUON| | SVX CES
3 ¥ Y
XFT 'g'rl;%" XCES
XTRP
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o ¥  J
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_g cal track | | muon
g \_t 3 v—'
f Global
Level-1
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cal ] SVT
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Global >
Level-2 | TSI/CLK
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VRB
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Event L 13 J mass
Builder [ 7] o o | storage
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Hundreds of application- specic boards § & ¥ system continually
working together, passing and processing <l

upgraded to deal with

g increasing luminoity/
data on the nanosecond timescale...
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Muon Chambers B

The

Similar dijet mass
resolution to CDF

4/13/13

%) Detector

Lepton coverage: Scintillating

In| <2 (muons) fiber tracker
In| < 2.6 (electrons)

Trigger similar
b-tagging with to CDF’s
Inl <~2

Jets to
Inl <3

Good Feature: Regular
Switching of Solenoid Field —

Cancels Some Systematic Uncertainties

New Innermost Silicon
Layer added between
Run lla and Run llb

T. Junk Tevatron Measmnts
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The Tevatron, Like All Accelerators,
Improved in Performance Over Time

Peak Luminosity (1/microbarn/sec) Max: 414.0 Most Recent: Integrated Luminosity (1/pb)
360.1 2,750
2,500
400
o -E 2,250
2 350 = 2,000
3 2 1,750
§ 300 . ] Z
£ 250 - H £ 1500
S rast # 3 1,250
= 200 RV ¢ (1 g =
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=) b2 ul e o
E 150 !: 4 .‘ & 750
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% v i -
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& 5 G l% w A
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0 M# > = . f'v - '_ 0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375
2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 Days since October 1
® Fiscal Year 11 e Fiscal Year 10 4 Fiscal Year 09 Fiscal Year O8 = Fiscal Year 07
m Fiscal Year 11 e Fiscal Year 10 4 Fiscal Year 09 Fiscal Year 08 = Fiscal Year 07 v Fiscal Year 06 =« Fiscal Year 05 » Fiscal Year 04 1 Fiscal Year 03 « Fiscal Year 02
v Fiscal Year 06 = Fiscal Year 05 » Fiscal Year 04 1« Fiscal Year 03 « Fiscal Year 02 — Highest — Lowest
Integrated Luminosity 11871.03 (1/pb)
12,000
11,000 Total delivered
__ 10,000 I : t .
Q
S o uminosity:
—
< 8,000 ~ -1
z 12 fb each to
2 7,000
E 000 / CDF and DO.
—
g 5,000 v
£ 4,000
a .
=g Acquired and
2,000
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0 - aad n— 1
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Tevatron Performance Improvements

A partial list of
improvements:

Integrated Luminosity (1/pb)

1,500

[ —
= o
= wv
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v
=3 =

Integrated Luminosity (1/ph)

ro  w
v =
P —

y = 7 . ——m ot AN
0 25 S0 75 100 125 150 175 200 225 250 275 300 325 350 375
Days since Octoher 1

B Fiscal Year 11 @ Fiscal Year 10 4 Fiscal Year 09 + Fiscal Year 08 = Fiscal Year 07
v Fiscal Year 06 = Fiscal Year 05 » Fiscal Year 04 1 Fiscal Year 03« Fiscal Year 02
— Highest — Lowest
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Store antiprotons in recycler

Faster transfers from
pbar accumulator to recycler

Electron cooling of pbars in recycler
Efficiency and reliability of injection
Faster shot setup

Separation of orbits at parasitic crossings
Replacement of 1200 He relief valves
Faster beam aborts during quenches

“cogging” pbars to prevent quenches
during acceleration

T.Junk Tevatron Measmnts and Disc. 12
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Parton Distribution Functions

MSTW 2008 NLO PDFs (68% C.L.)
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Jet Transverse Energy Distribution in Tevatron Run | - 1.8 GeV
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More very hard scatters
than expected from
prediction.

Analysis was motivated

by a desire to test for
quark substructure:
uncertainties were large,
but it looked like quarks
may have had hard
scattering centers in them.

Parton distribution functions
had more freedom than
expected. High-x gluons
were not otherwise well

50
Jet Transverse Energy (GeV) constrained. Further data
did not come in quite so high
and eventually were dropped
Phys.Rev.Lett. 77 (1996) 438-443 in favor or Run Il jet data (of which
there was much more)
T.Junk Tevatron Measmnts and Disc. 16
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Dijet Mass Distribution in Run |

Midpoint, R=0.7, [y"""*

—e— Data
—a— NLO: NLOJET++. CTEQS6.1M
corrected to hadron level
., u=pre(et1,2)2, R, ,=1.3
T [ ] Systematic uncertainties
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Midpoint, R=0.7, |y™"“|<1. L,, = 1.13 fb”

——e—— Data/NLO (CTEQ6.1M, p=p7*"(jet1,2)/2=p,, R_,=1.3)
[:] Systematic uncertainties

PDF uncertainty from CTEQ
--------- o(MRST2004) / o(CTEQS6.1M)
o(2xpy)/o(u,)

o(without R..;) / 6(R.,=1.3)

sep

CDF Run II Preliminary

16 % luminosity uncertainty not included
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Production of the Weak Gauge Bosons W and Z

“Drell-Yan Production”

Similar diagram for u-ubar 2Z->I*I

Signature in the detector

Isolated, high p,. leptons,

missing transverse momentum in W's

Z events provide excellent

//} control sample

A
M z
\\ uon 'n
1 \ /
N A
\W/-
>~~~ Muon
~

In a nutshell, measure two objects in the detector:
- Lepton (in principle e or u; e in our analysis),

need energy measurement with 0.2 per-mil precision (!!)
- Hadronic recoil, need ~ 1% precision

Jan Stark / Dzero Fermilab W&C seminar, March 20, 2009 6
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CDF’s W and Z Production Cross Section Measurements

A long story! Mostly concerned about acceptance
and backgrounds.

q(q) () q@) 1(P)

/\
W/
/\
o X Br (nb)

oxBr(W-1v)

q(q”) v 1(P) q(Q) 1 i%

oXBr(Z—-1'T) T
% CDF (630) I CDF II (e+W)

o UAL(W  + CDFI(e)

; | NNLO theory curves: i UA2(®) } DO1(e)
* 1(P) i Martin, Roberts, Stirling, Thome e e
a ; v L B I L B e A L L
1(v) 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
E, (TeV)
Many additional processes J. Phys G Nucl. Part. Phys 34, 2457 (2007)

(these are only at NLO)
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Measurement of the Forward-Backward Asymmetry of W Bosons with DO

- W

Q|

1

Forward-Backward Asymmetry
comes largely from the difference
between u and d PDF’s.

The compton

diagram gq—=>Wq also participates.

N*(n)—N~(n)

A(n)

~ (1—29) [N*(n) + N—(n)

Is the LEPTON asymmetry (directly observable. p,,, ambiguous

due to neutrino solution.

Inclusive p;,>20 GeV

> 0.25
“’é’ 0.2 D@ Preliminary
£ L=491fb"
>
@ 0.15— p.. >20 GeV
. pr¥ > 20 GeV o by
0.1 R $
]
0.05 )
E ]
-0 :
0.05 ¥
0.1 ‘ 6 —&— Runlla
0455 LI 5‘ —+— Runllb
CTEQS.6 central value
-0.2—
0 CTEQS6.6 uncertainty band
0250 byl L ! ! ! ! o
T 1.5 1 05 0 0.5 1 1.5 2 25
Pseudorapidity

MSTW 2008 NLO
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%ons;— Iz-o=<4;)9 fb< 35 GeV 3 $ $ g . E "=4'9ﬂ’; i g
< E p. > 5 GeV 20.15_ pT“>35 eV i
01 Ty $ 3 oAb P, > 20 GeV : 1
005 . H i 0.05E- { L
= oF é
-0.055— g 2 E & J
E ] -0.05f ;
01 ; ; —— Runlla _0.1§ —®— Runlla
E [ ) —=— Runllb 3 i 4 —+— Run b
-0.155_ g CTEQ6.6 central value -0-15;: i - y CTEQ6.6 central value
.0'2:— X CTIEQG.G Iunc:enalimy bar}d -0'25_ X CTIEQG.G Iuncenalimy bar]d
0'25.—5' - l-l2‘ ! I-I1|.5I = l-I‘II ! I-I01.5l 0 0.5 1 1.5 2 ' l2.5 -0'2-5.5” ' I-I2I ’ I-I1I.5I = I‘I -IOI.5I 0 0.5 1 1.5 2 ' I2.5
Pseudorapidity Pseudorapidity
g accounts for the charge misidentification rate, determined with like-sign
Z->uu candidate events. Solenoid reversal results are consistent.
T.Junk Tevatron Measmnts and Disc.
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Motivation for Measuring the mass of the W Boson

4/13/13

The Z Boson’s mass is very well measured at LEP ~ 2 MeV unc. out of 91.6 GeV

W mass is a key parameter in the Standard Model. This model does not predict the value of tr
W mass, but it predicts this relation between the W mass and other experimental observables

[ ma 1
\' V2Gp sinOw VI = Ar

Radiative corrections (A r) depend on Mt as ~Mt2 and on MH as ~log MH. They include diagram
like these:

My =

:"/' v " ‘:‘".“

-~ t TN y \
/ \ ;' "| Precise measurements of M_ and M,
we W \L constrain SM Higgs mass.
\L/ ﬂ;’v\ A \/\/\‘f\'}\/\/\/\/\/\/\‘/‘\,_
For equal contribution to the Higgs mass uncertainty need: The limiting factor here
AM =~ 0.006 AM . will be A M ,notAM !
W t t

/TN

Additional contributions to Ar arise in various ] frn-
. w \ .
extensions to the Standard Model, \ N /
e.g. in SUSY: ~
Jan Stark / Dzero Fermilab Wé&C seminar, March 20, 2009 2
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Towards a Measurement of the W boson
mass: Calibration of Detector Response

* m, known very precisely from LEP

» Z>ee lepton rapidity and
momentum spectrum similar
to W—>ev

Z+hadronic recoil events used to
calibrate hadronic response,
and electron ID efficiency vs.

P and proximity to the hadronic recoil

Material tuned in a fast simulation to
make electron energies match in Z>ee

in each calorimeter layer.

4/13/13

Events/0.25 GeV

x

500

“(a) DO, 1 fb™ ~Data
- —FAST MC
400 - v?/dof = 153/160
300
200
100
2 ( || ......... & I.I.#.I ....... ﬁll ...... l"l""'ﬁl'"'l'I"""Ii"i"] ................. i ....... I'l .....
sl 1o WLl al T fedal il ) T ol
gE SRR TR R
. [ T i I I

70 75 80 85 90 95 100 105 110

m,, (GeV)

18,725 Z>ee candidates
selected — negligible backgrounds
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D0’s Measurement of the W mass in W—=>ev Events

10000 - B
8 :(a) o1 ; Egal.(rg'}no%nd
499830 candidate events g 7500 éidof = 48/49
[//] L
= C
, $ 50001
Background consists of - - |
» Z>ee with a missing electron 2500
(inter-cryostat crack for example) L ———— . |
.. x EL
° 250t 4 £|': TR R
Multijets 0¥ Al M iy
* W>tv>evw A
50 60 70 80 90 _ 100
' m; (GeV)
m,,=80.401+0.023
= 20000 3 -
o ~(b) DO, 1 fb —Data
S — ul Ackground 3200000 Do, 1 - ~Data”
e - % /dof = 39/31 S C mBackground
g : o 15000 y2/dof = 32/31
L [2] -
u>110000: £ I
I . 210000
5000 w - X
| | 5000
x 2Egl [} 1 I ; | B
TRUNTIR TN AU IR SRR SN ET U] .
S T T TR 2 2"'"“ S
: ! o S WO R Tl A
25 30 35 40 45 50 55 60 OL AT T it Sy T gt 1 T
p$ (GeV) -2 . R R gty
mWﬁt=8O.4OOiO.027 25 30 35 40 45 50 55 60

. GeV
m,,=80.402+0.023 7 ")

DO Collaboration, Phys. Rev. Lett 103, 141801 (2009)
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Tevatron W Mass Combinations

4/13/13

Mass of the W Boson

Measurement M,y [MeV]

CDF-0/ ® 80432 + 79
D&-| _ ° 80478 = 83
D@l o) —— 80402 + 43
CDF-Il ec2m) '—0—~ 80387 = 19
DJ-Il @aw) '—0-'-' 80369 + 26
Tevatron Run-0/I/11 ~9~ 80387 + 16
LEP-2 + 80376 = 33
World Average ~0* 80385+ 15

L A T
80200 80400 80600
My, [MeV] March 2012

T.Junk Tevatron Measmnts and Disc.

Very Precise!

Onward to the
top quark mass!
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LOO single-sided silicon +
5-layer double-sided silicon+

2-layer ISL

B-Tagging at CDF

Impact g
parameter 15l
resolution

for high-pt b

tracks ~18um  § .4
>

CDF Run Il Preliminary
Secondary Vertex

MET 65.4 GeV

MUON(CMUP) 20.8 GeV

SecVtx Tag Efficiency for Top b-Jets

0.7,
0.6
0.5

T

T

0.4}

T

0.3}

0.2}

0.1¢
of

T

ol

B-tagging relies on

displaced vertex -0.5¢

reconstruction 4

05 1
. . . ' X (cm)
B Loose Secvix | Mistag rates Example
Bl Tight Secvix | typically candidate
1 ~1% for event

light-flavor jets

DO B-tagging per-jet

0

0.2 04 0.6 0.8

1

1 1 1 - L ] H _ 0 .
A Te s 3 e 1€t) for1-5% Mistag rate
Jet Eta

1.Junk 1evatron Measmnts and Disc.

efficiency = 50-70% (of taggable
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B-Tagging Calibration

A “Positive” Tag

Tracks

[ J
Primary
Vertex

A “Negative” Tag

Track Primary

4/13/13

450
a00f
350}
300}
250}
Vertex  aoof
150f
100}
50|

| S

-5

Fake tags calibrated
with data — resolution
dominated negative tags.

Watch out for asymmetry:
scatters in detector material
and long-lived strange
particles cause more
positive mistags than

negative ones

vvvvv

[ Bottom
[CJCharm
[ Light

ok

)
;!

-3

-2

-1

vvvvvvvvvvvvvv

(RP—

™

0

1

2 3 4

9

Signed Tag Mass

T.Junk Tevatron Measmnts and Disc.

Positive b-tags
Calibrated in data
with a sample of
dijets —

“away” jet is
b-tagged, “probe”
jet has a

high-P; ., electron.
Tag rates compared
in data and MC

S
S
Q

@
<

“probe”
® Primary Jet

% Vertex

“away” jet
(vertex-taggd)



Top Quark Pair Production with Lepton+Jets Decay

Feynman Diagram How it Looks in the

Detector

g
000

FSR jet

Also missing transverse
energy due to the

neutrino!

4/13/13 T.Junk Tevatron Measmnts and Disc. 27
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Top Quark Pair Production with Dilepton Decay

Feynman Diagram How it Looks in the
Detector

/ Lepton

T Lepto

0000

Also missing transverse
energy due to the two
neutrinos!

T.Junk Tevatron Measmnts and Disc.
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Top Quark Pair Production with All-Hadronic Decay

How it Looks in the
Detector

Feynman Diagram

Q|

No real missing transverse
energy (but plenty of
opportunity to mismeasure

T.Junk Tevatron Measmnts and Disc. jets!) 29
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Top Quark Pair Production Cross Section Measurements

Ingredients: Select events Tevatron Run Il Preliminary  -prefiminory

with the right ingredients: CDF dileptons * i@y 7.47+0.50+0.70 pb 383 1b"

Leptons+jets(b)+Missing E; CDF ANN l+jets H—e—H 7.82+0.38+0.40pb 461’
CDF SVX l+jeis  Id=tiy 7.32+0.36+0.61pb 46fb"

Dileptons + jets(b) + Missing E;
CDF all-jels  rjr@mf—y 7.21£0.50+ 1.08 pb 291"

All-hadronic _ )
CDF combined * -+ 7.71+£0.31£ 040 pb upto88fb
Calibrate efficiencies and DO dilepton ——— 7.36 + 0.85 pb 5.4 fb”
backgrounds — data and _ _
) ) ) DO l+jets @] 7.90+0.74 pb 5.6 b
simulation techniques.
DO combined — e = 7.56+0.20+0.56 pb 561b"
Measure total integrated
Iuminosity. Or normalize Tevatron combined * = 7.65+0.20+0.36 pb upto8.8fb’
to another production S EO1E | form=1725Gev.

mode like Z production. 7 6 9

; ~
pp — tt cross section (pb) at\'s=1.96 TeV

4/13/13 T.Junk Tevatron Measmnts and Disc. 30



250

Events/(5 GeV/c?)
> a S
[=) [=)] o

(3]
[=]

00 150 200 _ 250 300

Largest source of systematic uncertainty
that can be calibrated in the same sample

Measuring the Top Quark Mass

CDF Il Preliminary
* Data (8.7 fb")
Signal+Bkgd
| Bkgd only
Tagged

'W‘}g@@m A,

mie°° (GeV/c)

is the jet energy scale. Use
m;(W-candidate jets)
to constrain jet energy scale.

0.6

Ajes (Sc)

0.4

-0.2—

| :CDF Il Preliminary 8.7 fb™

= Alog(L)=0.5
=== Alog(L)=2.0
s Alog(l) = 4.5

.
0
",
.
.
,,,,,,,,,,,
------------

1 PRV UXTRUR NI AT IR TR AUATTOTIN S 1 ol |

0.4kl
1705 171 1715 172 1725 173 1735

\ 174 1745 175
M, (GeVic’)
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Ingredients: Select events, estimate backgrounds.
Reconstruct invariant masses: Select assignment
of jets to top quarks — or consider all such pairings,
weighted with matrix-element probabilities.

Lepton+jets Runll CDF
Lepton+jets Runll D@
Lepton+jets Runl| CDF
Lepton+jets Runl| D@
Alljets Run Il CDF
Alljets Run| CDF
Dileptons Run Il CDF
Dileptons Runll D@
Dileptons Run| CDF

Dileptons Runl D@
Eptjets Run Il CDF

Decay length Run Il CDF H

Tevatron Combination 2012

o

L]

173.00 £ 0.65 £ 1.06 GeV
17494 £ 0.83 £ 1.24 GeV
176.1 * 51 %53 GeV
180.1 * 36 % 39 GeV
17247 £ 1.43 £ 1.40 GeV

+- 186.0 %*10.0 % 57 GeV

170.28 £ 1.95 £ 3.13 GeV
174.00 + 2.36 £ 1.44 GeV
167.4 103 %49 GeV
1684 %123 % 36 GeV
17232 £ 1.80 £ 1.82 GeV

166.90 £ 9.00 £ 2.82 GeV

173.18 £ 0.56 £ 0.75 GeV

X’/ dof=8.3111

160

170

180

190

Mass of the Top Quark [GeV]

T.Junk Tevatron Measmnts and Disc.
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Miop (GeV)

T.Junk Tevatron Measmnts and Disc.
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Single Top Production Mechanisms

“s-Channel” “t-Channel”

S

b {
“NLO Contributions to t-Channel Production”

T.Junk Tevatron Measmnts and Disc.
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Backgrounds for Single Top and Higgs

4/13/13 T.Junk Tevatron Measmnts and Disc.
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A High-Score Single Top Candidate Event

4/13/13

Run: 211883 Eyent: 1911511 £t =101.13 GeV
CEM Chargeta=-0.72 "

MET=41.85, MetPhi=-0.83

Jet1: Et=46.7 Etas-0®%, Tag=1 / |
Jet2: Et=16.6 Eta Tag=0
QxEta = 2.91 ‘ \

Track Pt>1 GeV
Tower Et > 3 GeV

T.Junk Tevatron Measmnts and Disc.
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CDF’s Single Top Production Measurements

W+Jets, NN Discriminant CDF Il Preliminary 7.5 o™

o 1 5 W + Jets, > 1 b-Tag CDF Il Preliminary 7.5 fb™

- — Single Top
tt

~— W+HF

— W+LF

~ Z+Jets

— Diboson

-~ QCD

+0.57
Ot = 3.04 53 Pb
Assuming m _ =172.5 GeV/c?

g
o2}

T 1 T T T T T T T T T T T T

o
-
o
»

0.05 i

Normalized Event Fraction
©
N

Posterior Probability Density

10

1 05 0 05 1 0 .

NN Discriminant 0 , 2 4 6 , 8
Single Top Quark Cross Section [pb]

Wa+Jets, NN Discriminant CDF Il Preliminary 7.5 fb™

— 5
W + Jets, > 1 b-Tag CDF Il Preliminary 7.5 fb" g i ® CDF Data
i) + CDF Data — | I 68.3% CL
d=) M Single Top 100 g 4l 95.5% CL
> = f 99.7% CL
w (0] [ Il SM
Z+Jets » 3 [ N. Kidonakis, arXiv:0909.0037
I Diboson 4 L
[ Qcb 9 i
O N
s 9
C =
S i
s
5 0 05 1 %O-llll
NN Discriminan c 0 1 2 3 4 o
s¢ ant N s-channel Cross Section [pb]
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B, oscillations

b t 5
There are diagrams which allow —
a B, meson to transform into its B B
own anti-particle S U S t b S
: Am . Am | -
) = e~ Mt (cos Tt|BS> + sin T1:|B,S>)

) = e Mut | By > pem Ml B > ||

— total
— unmixed
— mixed

|BH> = (‘B> — B>), A[H =M -+ Am/2

(IB) +|B)), My =M —Am)/2

|BL) =

Sl =S

time

z Aart Heijboer « Observation of Bs oscilations ¢ CDF Collaboration meeting » 10/26/06 » slide 2



Am_and the CKM matrix

b t 3 uncertainty ~10%

By{| " %, (| Bs AmsocmBIthVf;l2

Can extract |V | with ~10% accuracy, or... translate

bt d

Hadronic uncertainty much reduced in the ratio:

“ }s ""ts

Vid Vid

9 2
Ams  mp. [, Ba.

Amy ’”Bdfg?d Bp,

— 121+0.05

= 0

Turn the argument around: prediction for Am_:
Amg: 18.3492 (15) : 114 (20) ps

Go and measure if SM is right..

g Aart Uaiihanre

to a measurement of |V |, combining with:

1+

9 05 |

.
05
.

1 -

dedu " Bd Amy O(mBW;thmz

[ escuded wes ea CL>098

AAAAAAAAAAAAAAAAAAAAAAAAAAA

1.5

a NMhoanmtinn Af Do nonilatinne o FNE Callaharatinn mantina o« 1NMARINA o olida 2



&

How do we look for mixing?

decay time.

0.8

ity

time domain analysis

—— unmixed
mixed

time

Fourier component
of asymmetry:
Mixing amplitude

Alt)

1.0

» Make a B, meson and measure
its flavour when it decays

* |dentify the flavour at production (tagging)
* Look at oscillation probability vs proper

A(t) = cos(Aamyt)

..............

frequency domain analysis

C

mixing frequency

Aart Heijboer « Observation of Bs oscilations ¢ CDF Collaboration meeting * 10/26/06 # slide 4




The signals

Hadronic

Bso[l: c1p-

sB, Momentum is measured
+B_ mass used for good S/N
*Small branching ratio: low yield

D; s ¢n~, 6 KK
D; 2 KYK~, K3 K™~

Dy = T

&

Semileptonic

B K’ ' “I;

*Missing momentum (v)
*Need to rely on ID_ and D_ mass

sLarge branching ratio: high yield

data collected using:
@ Hadronic: Two Track Trigger
» semileptonic: TTT & lepton+SVT

SVT rules!

Aart Heijboer » Observation of Bs oscilations e CDF Collaboration meeting ¢ 10/26/06 o slide 6




CDF Run Il Preliminary L=1.0fb"

o~ —— data
2
1000 - ﬂ_t
% BY > D (3)n
o) comb. bkg.
Q
0
Q@ 500
®
e
©
c
©
O
54 5.6 5.8
2
mass [GeV/c]
CDF Run Il Preliminary L=1.0 fb”
“‘3300 — data
> — fit
E - -
2004 BY » DI(KK)
3 comb. bkg.
n —
Q 0 '
<100 B ">D' =
©
°
C
T
(&) +
0—— :

54 56 58 ,
mass [GeV/c]

CDF Run Il Preliminary L=10f"
I —— data
“o 400~ — ﬁ_t
> B? - D: n/K
= f EENRS
© 300 s
- . BY - Dlp"
@ L
o I b — DiX
200\ —
z aﬁ* N
% p . Ag > AT
S 100
o comb. bkg.
0 1 1 1 I _I 1 1 | 1 1 1 o W) 1
5.2 5.4 5.6 5.8
+
én - mass [GeV/cﬁ
CDF Run Il Preliminary  L=1.0 fo
o — data
2200 | — it
= — .
CB 150! BS —> DS((I)K) 3n
g comb. bkg.
v J—
£100 8° > D' 3n
i)
© 50
c
@
9 :
0

4/13/13 T.Junk Tevatron Measmnts and Disc.
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Proper time resolution

mpg.
S PT
\)6'

H
o
o

oFully rec. hadronic:
P_measured perfectly, only contribution

from o(L, ). Excellent ct resolution

sSemileptonic:
Uncertainty due to missing momentum

Proper decay time resolution [fs]
S
o

CDF Run I

(o0}
o
o

600!

F venee B° D 1v, 2.0 < My, < 3.1 GeV/c?

B > D[’ Iv, 4.3 <my <4.5 GeV/c’
wn B 5D v, 4.9< Mg, < 5.1 GeV/c?
 aaees B » D, /D, p

i B > D, n ot
."

-
-
L
»
.
‘l
-

o
.
Ld
-
-
-
.
.
.
"“
.
ar®
-----
- e T
" R
ITEIL L

o T L
T o 1 P L L L i T T T TR L L LR L L

l L I | A l

: . 0 ———— S
¢ more important at large L, (i.e. large ct) 0 1 2 3

* PDF of missing momentum fraction

Proper decay time [ps]

from MC
@ Dependence on Mass of Ds |-system
used in the fit
*Partially reconstructed hadronic:
almost as good as fully rec. (small missing p)

decay time resolution

/4 oscillation period

g Aart Heijboer e Observation of Bs oscilations ¢ CDF Collaboration meeting ¢ 10/26/06 e slide 10




Opposite side flavor tagging (OST)

» Look at the decay products of the other b quark in
the event to determine B_ production flavor

* Lepton
e Kaon
» Charge of the b-jet
» The two b quarks fragment independently. can
calibrate opposite side taggers with B,& B,

. BJ/B, » Opposite side often outside acceptance
5
* Improvements:
* Added the Kaon tagger
@ |n stead of exclusively applying taggers, combine
all three OST using NN
* uses the 3 tagger decisions, predicted
dilutions, kinematics, Kaon- and lepton PID
e/u likelihoods
* tagging quality (¢D?) from 1.5% to 1.8%
| K improvement of 20%!

x Aart Heijboer « Observation of Bs oscilations  CDF Collaboration meeting ¢ 10/26/06 e slide 11




Same side kaon tagging

b b }E“ 1 ;B
s s i: JK
. -
. - KK . T
-— =

sFragmentation into B_ tends to produce Kaon
» Charge of K identifies B_flavor at production

* B® and B* mostly accompanied by pions
* High efficiency, since K is close to the Bs

* >2 times as powerful as OST: ¢eD*=3.5% (had) / 4.8% (SL)
*previously:
* Used PID to select kaon tracks and predict the Dilution
NOW:
¢ Combine PID with kinematic info of the tracks using
neural network.

* 6% relative improvement in eD? (seen in MC)

g Aart Heijboer » Observation of Bs oscilations « CDF Collaboration meeting  10/26/06 o slide 12




Decay Time Resolutions

probability per 5 um
©

0

Hadronic modes — fully reconstructed

4/13/13

o
N

CDF Run Il Preliminary L=1.0fb"

B, - D; (3)n*

<> =259 um

1

0 0002 0.004 0.006 0.008 0.01
proper time resolution [cm]

0.15

o
—

probability per 5 um
o
(&)

0

CDF Run Il Preliminary

L=1.0fb"

B, — D, I"X
<6,> =44.6 um

! | Il | Il Il |

0 0.005 0.01

0.015 0.02

pseudo proper time resolution [cm]

Semileptonic modes — missing

a neutrino

T.Junk Tevatron Measmnts and Disc.
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The Amplitude Scan for B, Mixing

, CDF Run Il Preliminary L=1.0fb"
D |
-g - data+ 1c A 95% CL limit 17.2 ps'1
=215k 164506 O sensitivity 31.3 ps”’
2 A
E {F M data: 16450 ;\,J/\V'A‘
< u ;
- data + 1.645 o (stat. only) \/V
0-5 :_ -..
ol ]
= TR il
0.5 I
1E
15F
ot | | | | | | |
20
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Significance

Randomize the tagger decisions of the data events and repeat the likelihood scan

many many, many, many, many, many, many, many, many, many, many, many, many, many, many, many, many, many, many, many, many, many, many times

x10° _ CDF Run Il Preliminary L=10fb" CDF Run |l Preliminary L=1.0fb"
14, S 1r P
12l randomly tagged 6.10 3 /
- —— signal Am=17.77 yd
10 7
[ y
8.-_ //’
C y
- 7
6 /
4 5¢
20
% 25 20 a5 0 5 - I B
A log(L) -10 -5 0
min
Alog(L)

28 scans with Alog(L) < —17.26

p = — 8 x 1078

3.5 x 108%trials ;
significance = 5.4¢ “Observation”

R Aart Heijboer « Observation of Bs oscilations ¢ CDF Collaboration meeting e 10/26/06 e slide 17




o(pp—>H+X) [fb]
)
W

SM Higgs Boson Production and Decay Rates

Associated Vector Boson
Gluon : : ) tH _
. Production Fusion : ;
Fusion '\ oo 7 N\ /. ]
""" H --=--H TOTT00
\H f t

4/13/13

T g 1E] ' . . . . §
Tevatron 2 2
_ ) 2
Vs=1.96 TeV © §
©
+ 401
T 10
s
n
(@)]
o)
T
102 —
b T ] 102 ‘ ' : : : :
100 125 150 175 200 225 250 275 300 100 200 300 400 500 1000
m,, [GeV] M, [GeV]
Primary analysis modes: Additional modes:
< .
My 128 gex VHjI-\I/ngW H>TT, Hyy, H>ZZ>4
> .
My ev. 88 ttH->ttbb
T.Junk Tevatron Measmnts and Disc. 48



All CDF SM Search Channels

Channel Luminosity mpy range
(fb~1)  (GeV/c?)
WH — fubb 2-jet channels 4x(5 b-tag categories) 9.45 90-150
WH — fubb 3-jet channels 3x(2 b-tag categories) 9.45 90-150
ZH — viobb (3 b-tag categories) ) 9.45 90-150
ZH — £Y£7bb 2-jet channels 2x (4 b-tag categories) H — bb 9.45 90-150
ZH — £1¢7bb 3-jet channels 2x(4 b-tag categories) 9.45 90-150
WH + ZH — jjbb (2 b-tag categories) 9.45 100-150
ttH — WHbW bbb (4 jets,5 jets,>6 jets)x (5 b-tag categories) 9.45 100-150
H— WTW~  2x(0 jets)+2x (1 jet)+1x(>2 jets)+1x (low-myg) 9.7 110-200
H—- WTW~  (e-Thada)+(-Thad) 9.7 130-200
WH - WW*W~-  (same-sign leptons)+(tri-leptons) H—- W W~ 9.7 110-200
WH - WWTW~  (tri-leptons with 1 m,a4) 9.7 130-200
ZH — ZW+W~  (tri-leptons with 1 jet,>2 jets) 9.7 110-200
H— 1t~ (1 jet)+(>2 jets) H—rtr~ 6.0 100-150
H — vy  1x(0jet)+1x(>1 jet)+3x(all jets) H — vy 10.0 100-150
H — ZZ (four leptons) H—-ZZ 9.7 120-200

4/14/13 T.Junk Tevatron Measmnts and Disc.



All DO SM Search Channels

Channel Luminosity mpy range
(b~ (GeV/c?)
WH — fvbb (4 b-tag categories)x (2 jets, 3 jets) 9.7 90-150
ZH — vobb (2 b-tag categories) H — bb 9.5 100-150
ZH — ¢£t0~bb (2 b-tag categories) x (4 lepton categories) 9.7 90-150
H—-W™W~™ - £Fvitry (0 jets,1 jet,>2 jets) 9.7 115-200
H + X ->WtW- — pFori v 7.3 115-200
H—- WtW~ — ¢ujj (2 b-tag categories) x (2 jets, 3 jets _ 9.7 100-200
VH - etpt + X ( > ) Howrw 9.7 100-200
VH - UL+ X 9.7 100-200
VH — ujjjj (>4 jets) 9.7 100-200
VH — ThadThadit + X + 8.6 100-150
H+ X077 jj H =T 9.7 105-150
H = 7y 9.6 100-150

4/13/13 T.Junk Tevatron Measmnts and Disc.
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The Main Associated Production Search Channels
,

“llbb”

“METbb”
or “vvbb”

Jet

7 )
3 @ lvbb

Drawing Credit: CMS Higgs TWiki.
CDF also seeks qqH—=>qgbb and ttH>ttbb

4/14/13 T.Junk Tevatron Measmnts and Disc.
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CDF Run Il Preliminary 9.45/fb

ZH->1lbb: AFully Reconstructed Channel

R | “Raw”
Excellent reconstruction @ M\ e dijet
countered by low 0 M h i Mass
Z-=>1l branching ratio i " e
”**Hﬁmm, e ﬁ [ zu az9x 50
_ 0 N CDFZ:JE i.ﬂ%f«f%%ffﬁé’.%l D IJ et
E All Sub-Channels . data mass
Double Tight Tag yields (CDF) %’ o m ‘ ng after NN
Signal (ZH)  1.9£0.3 events (m_=125 GeV) Bl HNH{H 1= Correction
Background: 131126 events o HM} ++H 4%3 12% resol.
Data: 117 Events }Hﬁﬂm , , |Dmesw|insome
Expected limit @125: 3.9*SM CDF, (5.1*SM for DO) %0 Cfog;thg(GV?;m channels
Very innovative channel! £ 10 WmJets,wa::hff,‘f;g"spre"ma”9'45”1_ N
* Loose lepton ID. Tag and probe lepton ID % o b . ifb
efficiency calibration in data Y Jm_ Zrce
« Splitinto 2 jet, 3 jet, single, double, T m  [H -
tight, and loose b-tags w0k | = E LY
« NN dijet mass using MET projections . _’ """" | —
* Cascade of neural networks: Train . Y
networks to separate ttbar, Diboson, Wbb 125 GeV Final Discriminat
backgrounds from signal. CDF Collab., PRL 109, 11803 (2012)

4/13/13 T.Junk Tevatron Measmnts an(ufi)scCO”ab., PRL 109, 121803 (2012) 52



Expected Limit/SM

4/13/13

\'

Sensiti

Summer 2005
Summer 2006
Summer 2007
Winter 2008

Fall 2008

\
Fall 2009

Summer 2010
Summer 2011
Winter 2012

=115 GeV/ic?2

8 10 12 4
Integrated Luminosity (fb™")

We collected data, and we also learned

how to get more out of the data.

Better MVA’s
Better Event Selection

Better lepton ID

Better jet energy resolution
More triggers
More analysis categories
Sharing improvements between analyses

ity Evolution over Time

CDF sensitivities shown. DQ’s sensitivities
are similar

Expected Limit/SM

T ‘ T T T ‘ T T T ‘ T T T ‘ T T T
Summer 2004 — Spring2009
Summer 2005 —— Fall 2009
Summer 2007 —— Summer 2010
Winter 2008 —— Summer 2011
{ Fall 2008 —— Winter 201
, B m,=160 Ge;V/CZ i
1

A R
8 10 12 4
Integrated Luminosity (fb™')

T.Junk Tevatron Measmnts and Disc.
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)

(o2}
o
o

Gyyi+O) X Br(H—bb) (fb
m
o
o

w B
o o
o o

(

N
o
o

100

Tevatron H—>bb Results, Summer 2012

1
Tevatron Runll, L, <9.7fo Phys. Rev. Lett. 109, 071804 (2012)
I B R T T
_Measured ..... ExpectedformH_12SGeV/C ®102IIIIIIIIIIIIllllIIIIIIIIIIIIIIIIIIIIIIIIlllllllll
| B 41 Assuming best fit rate at ;=125 GeV/c* = Tevatron Run I, L <9.7fb"  ——1-CL, Observed
- Fsd Expected for m, =125 GeV/c? 1 > in
I Assuming SM rate i o 10 . mm 1-CL, Expected
[ [ ] +2sd.
5 . ] '§ [ +1 sd.
. BE=4 Predicted 3 1
2
3
o 107
102
10

Lol )] 100 105 110 115 120 125 130 135 140 145 150

%00 105 110 115 120 125 130 135 140 145 150

(Oyy + 04 )x B(H—bb)=023"00

4/14/13

GeV/c?
m,, (GeV/c?) M )

Cross section fit at m;=125 GeV/c?
Maximum local significance: 3.30

(stat+syst) pb at m,,=135 GeV/c?
Global significance: 3.10 — Evidence
for VH=>Vbb.

Local significance at m;=125 GeV/c?is
2.80

T.Junk Tevatron Measmnts and Disc.
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H>WW Searches

W+
f <—<::|—<:I—<::|—>
{ W-
TSRRSHOTIT

AR, tends to be smaller
in signal events than for

Largest signal is from gluon fusion, but
background events

WH, ZH, and VBF contribute as well.

Dominant background at the Tevatron is nonresonant WW production

But we split the samples into
lvlv + Oj

lviv + 1j

lvlv + 2 or more jets

and the backgrounds vary by
subsample.

DO Collab., PRD 86, 032010 (2012)
CDF Collab., FERMILAB-PUB-13-029-E (in preparation)

4/13/13 T.Junk Tevatron I\/Ieasmnts and Disc. 55



Best-Fit Tevatron Combined Cross
Sections at m =125 GeV/c?

Tevatron Run I L_= 10 fo" % 4 gTevatron Runll, L, <10 fo' SM Higgs combination

B "‘H-=‘25 Gevic* s - O1b‘:e;ved ----- oy X 1.5 (=125 GeV/c?)

Combined (68% C.L.) r * T - 2

— —l- Single channel ° - ] #2s.d o "o (mH_125 Gevie)
25 |
H— — :
YY . >
H—> W+W- 1.5 i
H—t't 1 f
VH— Vbb |~ 05 |

0 3 4 5 6 7 8 9 10 0 ™00 120 140 160 180 300
Best Fit (o x Br)/SM m,, (GeV/c®)
: +3.39 H—1'7t: 1687°2xSM
H—vyy: 597735, xSM - LU0 68
1. . +0.69
VH — Vbb :  1.59*%% xSM
+ - +0.85
- . . +0.59
H—=WW= 094,5x5M Combined : 1.447,5 xSM
4/13/13 T.Junk Tevatron Measmnts and Disc. 56



Tevatron Combined SM LLR Distributions

O B -1
= C LR, =1s.d. Tevatron Run I, Lmt <10 fb
0C 40 LLR, =2 s.d. SM Higgs Combination
S  E e LLR,

S 30 LiLLRy, w0y x 1.0 (M =125 GeV/c?)

8 [ —LLRy, ---oyx1.5(m =125 GeV/c?)

= 20 -

S R

S 10

VNG s S
-10 i_ """" . x\,\
_20 : ] | ] ] ] | ] ] ] | ] ] ] i Iill'\' | | | | | |
100 120 140 160 180 200
m,, (GeV/c®)
21nQ=LLR =21 L(dataIHl,z)
L(data|H,,0)

4/13/13 T.Junk Tevatron Measmnts and Disc.



Tevatron Final SM Higgs Rate and Mass Limits

s 10 ¢

%) i Observed . Tevatron RunIl, L., <10 fb™
= [ e Expected w/o Higgs : int = ° =

S | EEE Expected 1 s.d. SM Higgs combination
. - [ ] Expected 2 s.d.

_i [ Expected if m, =125 GeV/c?

O

P

¥o)

o

T T ST SR N
100 120 140 160 180 200
m,, (GeV/c?)
Excluded regions: 90 < m, < 109 GeV/c? and 149 < m, < 182 GeV/c?

Expect to exclude if no Higgs: 90 < m, < 120 GeV/c? and
140 < m,, < 184 GeV/c?

4/13/13 T.Junk Tevatron Measmnts and Disc.



Tevatron Combined SM Higgs Boson Search p-value

g 10° :%Tevatron Runll, L <10 fo!  —— Observed
© : .
> 10? & SM Higgs Combination ™ Expected w/ Higgs O.beerved local
_g— S ) [ Expected + 1 s.d. significance
C 10 E (YTRS 1.0 (m =125 GeV/c ) Expected = 2 s.d. - 2
S F ---.0,x15(m=125GeV/c?) L& at m,, 125 GeV/c
= H is 3.10
@) =
§ 10-1 5 1o
m S R S o R S 20 Expected significance
. 5 assuming m,=125 GeV/c?
I . =~ R o
10 is shown with a dotted line
10 . (not quite 20)
____________________________________ le}
10°

1 | 1 1 1
180 200
m,, (GeV/c®)

Look-Elsewhere Effect:

* my~125 GeV has been firmly established by the LHC

* CDF+DOQ’s mass resolution is not very sharp -- ~2 independent search results in H>bb,
~2in H>WW

* Technical challenge — MVA’s trained at each m, separately. Histograms of predictions
exchanged. Would need to exchange correlated pseudoexperiments to compute LEE

exactly.
4/13/13 T.Junk Tevatron Measmnts and Disc. 59



Two-Dimensional Coupling Parameter Constraints

4/13/13

| Tevatron Run I, L <10 fb”
- o Local maxima A SM

[168% C.L. [ ]195% C.L.

hpy=1

) ¢

0

0.5 1 1.5 2
Ky

ol

| Tevatron Run I, L <10 fio
| e Local maxima A SM
| []68% C.L. 95% C.L.
- K; floating
L1 11 | L 11 1 | L 11 1 | L1 11 | L1 11
0 0.5 1 1.5 2
Kw

T.Junk Tevatron Measmnts and Disc.

2.5

60



Summary

The Tevatron has been a very successful accelerator, with two very productive
collaborations, CDF and DO.

More than 500 papers in refereed journals per collaboration!

Many joint papers documenting combined results — inter-collaboration cooperation
has been very good.

Highlights:

Discovery of the top quark

Precise measurement of the masses of the top quark and the W boson
Observation of B, mixing and precise measurement of its rate

Observation of single top quark production and measurement of its rate
Evidence for the SM Higgs boson and measurement of production rates time
decay branching fractions

And many more | didn’t cover: observation of many new hadrons, charm mixing,
characterization of top quarks, CP violation in inclusive muon production
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Extras
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The DO Detector

Technical Highlights

Central Tracking Inner silicon detector, 700,000 channels
/ Scintillating fiber tracker & preshower
) 100,000 channels
Calof_!-meler Uranium/liquid argon calorimeter, 50,000
channels

Muon system (wire chambers and
scintillator), 70,000 channels

DO’s dimensions are 30 x 30 x 50’ and it
weighs about 5,000 tons.

Tracking

4/13/13 T.Junk Tevatron Measmnts and Disc. 63
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