Results from the Tevatron

Veronica Sorin
IFAE

Il Jornadas CPAN
Barcelona
November 2 - 4, 2011




The Tevatron

® |n commissioning 26 years
ago

¢ First collisions recorded In
October 1985

¢ | ast ones September 2011

Physics Runs

1987
1992-1996 Runl-120 pb!,6 1.8 TeV
2001-2011 Run 2 - 12 fb! ,1.96 TeV
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October 1985 i
! Run 2
e Last ones September 2011 ;3 Run 1
: Run 0
Physics Runs
1987 Run O - 4 pb!
1992-1996 Runl-120 pb!,6 1.8 TeV

2001-2011

Run 2 -12 fb! , 196 TeV




0 15 Countrles

¢ 61 institutions
¢ 530 authors
DO

¢ 18 Countries
¢ 90 institutions
¢ 507 authors

e b mie o B —

3 Spanish institutions have joined over the years, starting in1995:
Instituto de Fisica de Cantabria (IFCA), Instituto de Fisica de Altas
Energias (IFAE) and Centro de Investigaciones Energeticas,
Medioambientales y Tecnologicas (CIEMAT)



Iments

The Exper

Major detector
upgrades for Run 2




The Experiments

e Silicon detector : leading
role in its operation
(CIEMAT)

v Longevity studies

PhD Thesis R. Martinez
Bellarin (CIEMAT)

e TOF detector : leading
role in its operation
(IFCA)




Performance

Luminosity (pb”)
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The Tevatron program and

Tevatron Run I, pp at s = 1.96 TeV
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Results

Tevatron highlights
and

contributions from
spanish institutions



QCD

* Inclusive jet cross sections

e Test pQCD over ~9 order of magnitude:

» ptrange up to 700 GeV and
rapidity up to 2.4

e Constrain gluon PDF

included for MSTWOS8 PDF 10™

Contributions from IFAE
leading roles, analyses, theses
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( PhD Thesis O. Norniella (IFAE) )




QCD

- | ( IFAE )
® |[nclusive jet cross sections 1-w(r)

e Test pQCD over ~9 order of magnitude: |

» prrange up to 700 GeV and rapidity x| Bk o (R0
upto2.4 "'o’.°'”§ @ DATA
S o3| ] ——PYTHIA Tune A
I o PYTHIA
e Constrain gluon PDF '_°-'*’5§ PYTHIA (no MPI)

HERWIG
: 03IV 1< 0.7
e Jet properties "

0.1

4 4 ‘~;__>-. B

0.05 |

» jet shapes: internal jet structure studies

o '

S0 100 150 200 250 300 350
P/ (GeV/¢c)
» test models for parton showers and
underlying event used recently for Perugia2010 tune
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QCD

e Boson + jet production

e Test QCD predictions

e Background to new physics
searches

e | arge theoretical uncertainties
specially in the case of HF

= suite of dedicated measurements up
toNiet< 4
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QCD

/+]et production
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in good agreement with NLO pQCD

[Analysis S. Camarda (IFAE)J Input for tuning MG




QCD

du/dp’:‘ [fb / (GeVic))

/+|et production

CDF Run Il Preliminary
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in good agreement with NLO pQCD

[Analysis S. Camarda (IFAE)]
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CDF Run Il Preliminary
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20! vertex mass

0 05 1 15 2 25 3 35 4 45
M. [Gevic']

Z+b/z+jet = 2.24 + 0.36 %
iIn agreement with NLO

[Analysis L. Ortolan (IFAE))
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Heavy Flavor Physics

Large production cross sections , large
data samples and developments such
as dedicated triggers to select
displaced tracks

= broad heavy flavor physics program

First observation of b mesons and
baryons : Be, 2b, =b, $2b, X(3872)

» Precise measurements of b hadron
properties such as mass and
lifetimes

Candidates per 3 MeV/c?

© _ |
S 0 0.05 0.1 0.15 0.2
Q=m(A, " m) - m(A, ") - m_ (GeVic?)

[PhD Thesis C. Calancha (CIEMAT)]
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Heavy Flavor Physics

Large production cross sections , large
data samples and developments such
as dedicated triggers to select
displaced tracks

= broad heavy flavor physics program

Observation Bs mixing : 2006

» mixing frequency compatible with
SM expectations

Fitted Amplitude
o

]
—
[Y1]l

CDF Run Il Preliminary L=1.0fb"
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[

Participation from IFCA
PhD thesis J. Piedra

J
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Heavy Flavor Physics

Large production cross sections , large
data samples and developments such
as dedicated triggers to select
displaced tracks

= broad heavy flavor physics program

Observation Bs mixing : 2006

» mixing frequency compatible with
SM expectations

» Evidence of DDbar mixing (2008)
(confirming result from BABAR)

CDF Run Il Preliminary L=1.0fb"

e
LI B
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o
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Heavy Flavor Physics

Large production cross sections , large
data samples and developments such
as dedicated triggers to select
displaced tracks

= broad heavy flavor physics program

New Physics ...

» CP-violation in Bs system
» dimuon asymmetry

» Rare decays...

CP violation phase

CDF Run |l Preliminary L=52fb

- — 95% CL
—— 68% CL
- —e— SM prediction

B (rad)

in agreement with SM
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Heavy Flavor Physics

Large production cross sections , large
data samples and developments such
as dedicated triggers to select
displaced tracks

= broad heavy flavor physics program

New Physics ...

» CP-violation in Bs system
» dimuon asymmetry

» Rare decays...(Bs 2 pu*p)

anomalous like-sign dimuon asymmetry
m;,,'().oz

.SM

« Standard Model
-0.02| || B Factory W.A.
__ D@ B -ubX
M DO A}

0.04 DO Al 95% C.L.

DA, 9.0 ™
-0.04 -0.02 0 0.02
ay)

disagree with SM by 3.9 o
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Beyond the SM

e Huge effort exploring the large data
sample, work that have set
constrains on many models

¢ One of the most attractive:
Supersymmetry

4 N

Involvement in various leading
roles from CIEMAT and IFAE
Analysis and several thesis

& )

Squark and gluino search

Missing Bt + Jets

sbottom pair production

CDI X CDi

(2 pb) (310 pbh)
EX Pt Lamue
95% ' 1 -.w - s

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

$ ' ! . L &
() 50 100 150 200 250

M. [GeV/c?]

[ PhD Thesis G. De Lorenzo (IFAE) j
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Beyond the SM

e Huge effort exploring the large data
sample, work that have set
constrains on many models

¢ One of the most attractive:
Supersymmetry

4 )

Involvement in various leading
roles from CIEMAT and IFAE
Analysis and several thesis

o )

Many technigues now
applied at LHC

Squark and gluino search
Missing BT+ Jets

stop into charm and neutralino

CDF Run I Preliminary J Ldt=26f"

E 95% Exclusion limit from T, ¢,

2

=  Observed [m{7 =80 GeV/c’]

== Expected (+10)

Cross Section [pb]
=
L I‘Ill'] L] LR AR L

i/
ITL|>m|'D' N mb+ m}{

[ —— PROSPINO NLO (CTEQ6M)

M =H= m(t,)

| PR FERTE FRRRY PR PRRTE PUTTS FRTTE FRLTE FT

S0 100 110 120 130 140 150 160 170
m(t,) [GeV/c?]

Optimized via a flavor separator to

enhance charm contribution

[ PhD Thesis M. Vidal (CIEMAT) j
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Top Quark Physics

e Discovery by CDF and D@ in 1995

e Since then many of its properties have been
studied.

= Bym i0th annivarsary of the
- discovery of the Top Quark at Fermilab by the GDF and DO collaborations.
A reception in tha Wilson Hall atrum will follow the symposham.
g . e e -

e Some measured with extraordinary precision

e Most of its properties are in agreement with
the SM prediction
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/ Important involvement from IFCA and IFAE \

since discovery times, leading roles,

TO p Q u ark P hyS | CS \ several analysis and thesis /

M:=173.1 0.6 * 1.1 GeV/c? anom coupl : no evidence found
Top charge : not 4/3 @ 99% CL
|
Top width < 7.6 GeV @ 95% CL q/
+ g

G,v

B(t— Wb)/B(t—Wq)=0.97 * 0.09

< A BR(t » Zq) < 3.7% at 95% C.L.

No evidence for top & H*b
(stat) * 0.34 (syst) * 0.15 (th) pb[ \ No evidence for ttH production

o=7.5*0.31

Afb= 20.1 * 6.5 (stat Excl. M¢ < 358 GeV at 95% CL
no evidence stop pair production

Excl. Mz- < 900 GeV at 95% CL
do/dMtt no discrepancy with SM Single Top

fraction via gg fusion : 0.07%°-15_g o7

o = 2.76 + 0.58 - 0.47 pb
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Top Quark Physics

anom coupl : no evidence found

-_n 1 1A L A AFA /.

Mass of the Top Quark
[evatron
CDF-I dilepton @ 167.4 411.4 (+103+ 4.9)
D@-I dilepton ® 168.4 +12.8(+123+ 38) COm bi nation
CDF-II dilepton . 1706+ 3.8 (224 31)
D@-Il dilepton 1740+ 31 (+18+25)
CDF-I lepton+jets ® 1761+ 7.4 (+ 51+ 53)
D@-l lepton+jets " 1801£ 53 ¢39:36) Mc=173.2 + 0.9 GeV/c2
CDF-Il lepton+jets 1 17304 1.2 406+ 1.9)
D@-Il lepton+jets ol 1749+ 15 (08 12)
COF allets Tee0rT 00 5 uncertainty less than
ate - -
o= 6.9 i 0.4 CDF-Il alljets 1725+ 21 (2 14+15) '1 GeV/CZ !
CDF-Il track ® 1669+ 95 (:90+29)
CDF-ll MET+Jets * 17234 2.6 (£ 18+ 1.8)
Tevatron combination * - 17324 0.9 (+ 06+ 0.8) SyStemat|Ca| |y

o, rwesssmeen dominated (JES)

150 160 170 180 190 200
m,,, (GeVic?)

fraction




Top Quark Physics

........

Dilepton )
(L=51M)

Lepton+jets (topological) 7
(L=46M ) :

Lepion+jets (b-tagged)
(L=431)

All-hadronic
(L»291M)

MET+>3jots
(L=22M)

0=6.9 104

MET+23)ets
(L=571b)

Afb= 19.:

. v 0004 2 . i .
[IIII0 Caccian et af., acXiv.0804 2800 (2008) Assume m,=172.5 GeVic
Kudonakis & Vogr. arXy 0808 3844 (2008)
B Moch & Uwer, ary 0807 2754 (2008)
oy

740+ 058 + 063 +045
782+038+037+0.15
7.32+0.36+0.59+0.14
721+ 050+ 110+ 042
799+055+0.76 + 0.46

7.11+0.49 £ 0.96 + 0.43
(stat) = (sys1) = (lumi)
8 9 10 11 12
a(pp — tt) (pb)

anom COUp

challenging that
from theory

6% uncertainty

|l : no evidence found

fraction via gg¢
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Top Quark Physics

e Top quark is mainly produced in
pairs by the strong interaction

e NLO QCD calculations predicts a
small forward-backward
asymmetry of 5%

A, of the Top Quark

V71 N. Kidonakis,
PRD84:011504 (2011)

1 V Ahrens et. al.,
arXiv:1106.6051v1 (2011)

(] W. Hollik and D. Pagani,
arXiv:1107.2606 (2011)

CDF LJ

CDF DIL*

CDF combined*

DO LJ**

-0.4 -0.2

July 2011
(** submitted to a journal)

(* preliminary)

0.158 + 0.074 (£0.072+ 0.017)
(5.3 fb")

0.420 + 0.158 (£0.150+ 0.050)
(5.1

0.201% 0.067 (£0.065+ 0.018)

(= stat = syst)

+ +0.018
0.196 + 0.060 “;7oe
(547

0.4 0.6 0.8
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Top Quark Physics

e Top quark is mainly produced in
pairs by the strong interaction

e NLO QCD calculations predicts a
small asymmetry of 5%

‘4ﬁ
1t parton - level
CDF data 5.3 fb"'

4 ==

0.4 4 === @ NLOQCD

B —

450 GeV/c? M,

A, of the Top Quark

71 N. Kidonakis,
PRD84:011504 (2011)

1 V. Anhrens et. al.,
arXiv:1106.6051v1 (2011)

(] W. Hollik and D. Pagani,
arXiv:1107.2606 (2011)

CDF LJ

CDF DIL*

DO LJ**

L ——

July 2011

(** submitted to a journal)

(* preliminary)

0.158 = 0.074 (£0.072+ 0.017)

(5.3m7)

&

0.420 + 0.158 (£0.150+ 0.050)
(5.1

/" 2 o from theory
' prediction
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Top Quark Physics

e Top quark is mainly produced in
pairs by the strong interaction

e NLO QCD calculations predicts a
small asymmetry of 5%

11 parton - level
CDF data 5.3 fb"

<4 ==

0.4 === 1t NLOQCD

CDF observed a3 o
discrepancy at

large invariant mass, though

marginal at DO

~0.2 ‘

450 GC\!"v"C: ""l.'(

A, of the Top Quark

721 N. Kidonakis, July 2011
PRD84:011504 (2011)

1 V. Ahrens et. al.,
arXiv:1106.6051v1 (2011)

] W. Hollik and D. Pagani,
arXiv:1107.2606 (2011)

(** submitted to a journal)

(* preliminary)

CDF LJ o — 0.158 + 0.074 (£0.072+ 0.017)
(5.3f7)

CDF DIL* f o
0.420 + 0.158 (£0.150+ 0.050)

ALY,

/” 2 o from theory
' prediction

DO LJ**

-0.4 -0.2 0 0.2 0.4 0.6 0.8
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Top Quark Physics

vvvvvvvv

CDF Run Il Preliminary, L=3.2fb

CDF Run Il Preliminary, L=3.2fb"

n:
* |t is also produced singly by s =
: : | 250 g
the EW interaction 4000 . =
§ 5 200 =l
o000 z =
] ; % 150 :
e First observation by CDF and ¥ ?%‘W
D@ in 2009 1000 S _|
’ W+1ljet W+2jets W+3jets W+4jets ° 50 100 150 206
E(j1) [GeV]
e | arge backgrounds ! _
PhD Thesis B. Casal (IFCA)
e Sophisticated multivariate Single Top Quark Cross Section -
analysis techniques coF 2147 5% pb
DN 50 33 pb
Die 3.94 "0 33 pb
» applied in searches for the Tevatron Combination 2.76 2232 pb
Higgs boson B 1 st RO 0

0 2 4 6 8
o (pp — tb+X, tgb+X) [pb]
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Top Quark Physics

e |t is also produced singly by s, G2 Rnl Prelminery. L=3215_

the EW interaction 000
%OOO_

e First observation by CDF and %‘m
DA in 2009 1000

o

W+1jet W+2jets W+3jets W+4jets

¢ | arge backgrounds !

e Sophisticated multivariate Separate t-channel
analysis techniques and s-channel

With a 5.5 o significance
» applied in searches for the for the t-channel

Higgs boson

t-channel cross section [pb]

CDF Run |l Preliminary, L=3.2fb’ =,d,,,":
) ‘ ' CIwaigre
BIWe«<harm
250 .th'fhl—,
w0 horvw
Q| -
) 150 i =
S ]
:g I =]
T 100 Iz
50 | g
o
0 .+ g
50 100 150 200
E(1) [GeV]
DO 5.4 fb ™
68% C.L.
N 90% C.L.
4 B 95% C.L.
2
@ Measurement
I , H sm"”
- {H i ;94?,1 o O Four generations?
D 63: 014018, 200 3]
L {3} :gL 99: 1;18;2. 200; O T°P'"?;]’°’
I [ FGNCI
% 2 4

s-channel cross section [pb]
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The Higgs Boson

¢ precision EW measurement and direct

searches predicts

114.4 < my < 185 GeV (95%CL)

m, . =161 GaV
. 4

6 July 2011
1 : (5)
5 . .3 A%‘Iad = :' ': -
11 =—0.02750:0.00033 #f :
1 i3 0.02749:0.00010 &
4 - \ ncl. low Q“cata  § -
N, 3 '
R 31
2 — —
1 - -
0 Excluded e, B
30 100

300

Tevatron

gq—qqH

—
——

bb — H

= — /ZH E
10 . qq E
L ""1|\| 4 ”}l--‘hhh"-—-—.__\___‘_\_
TeVALHC Higgs working group h
] AT AT L ] sl I L1
100 120 140 160 180 20
m,, [GeV]
=] 1
= - e
= ' = VW
= bb Decay
=
Lt —
=
=
=]
0.1
10-2f
103 \ h R
100 120 140 160 180 200

my, (GeV/c)

30



The Higgs Boson

e Searches are performed in many \WH IFCA
channels

95% CL Limit/SM

. . -1
< N ’ 2
CDF Run Il Preliminary, L <8.2 fb CDF Run Il Preliminary, L = 5.6 fb”, 2 and 3 jets
T T T T I 1 T T T | T T I T \ 1l 1 1 1 | 1 1 1 T I T 1 T T I T T T T I I 1 1 1 I 1 1 1 1 I I LI 1 102
| - . . i E [ T Y Y
———  WH+ZH4+VBFjjbb 4.0 ib™ Obs ———  WH:ZH-METbb 7.8 ib™! Obs ! )
----- WH+ZH+VBF—jjbb 4.0 fb™ Exp -===-  WH+ZH-METbb 7.8 ib™ Exp 2 68% of Pseudo-Experiments
3 LEP Hosre 6.0 fb™ Obs WHsvbb 7.5 fb™ Obs 12 BN 95% of Pseudo-Experiments
10° vy H-tt60fb"Exp =000 eeeaa WH-lvbb 7.5 1b™ Exp | w—— CDF Observed
L Excl. ———  ZH-lIbb 7.5-7.9 fb‘: Obs ——  Hop70 tb': Obs ] 11_: — CDF Expected
- e ZH-lbb 7579 Exp 00000 mee-- H-yy 7.0 ib™ Exp . + -
L ———  ttH MET4jets 5.7 b Obs ———  ttHlsjets 751b" Obs 14 NLO SM Prediction
I ttH MET4jets 5.7fb"Exp ~ ===== ttH l+jets 7.5 b™ Exp | Q
—— W,Z4+116.21b" Obs ———  H-ZZ-418.21b" Obs ———
- e W,zZ+ti62'Exp 00000 e H-ZZ—418.2 fb™ Exp . g 10
———  H-SWW591b™ Obs [
(5 P P HoWW 59 b Exp 1 1 !
K == Combined Obs ! oy
2 S .  mmmes Combined Exp —
107 | . - g
C ] o
r . £ L 4 N o‘e
: \\ / T . : g
P ) Ll . : ¢ . .
wenT - p o ; ; ] . :
o 100 110 120 130 140 150
S : 2
e Higgs Boson Mass [GeV/c]
10
ME technique
1 / .
¢ SM=1 July 17, 2011 ]
| L L L I 1 | | | l | | | | 1 1 1 | I | 1 1 L I | 1 | | l Il | 1 I 1 1 | | 1 1 | | I | | 1 |

100 110 120 130 140 150 160 170 180 190 200
m,, (GeV/c?)



The Higgs Boson

¢ Techniques validated : Diboson

production

Tevatron Run I, pp at\'s = 1.96 TeV

o)
% e = CDF Preliminary
210 -— * CDF Published
S o DO Preliminary
o * DO Published
©10° BTheory
&
&
3 1077
J:
a
10 o
14 T% o
-1 T T T T
10 w z Wi Zy  WW  WZ  ZZ HoWW
(M_=160)

VVWH [ IFCA j

CDF Run Il Preliminary, L = 5.6 fb”, 2 and 3 jets

< 10 : : -
o 68% of Pseudo-Experiments
|§ BN 95% of Pseudo-Experiments
—— CDF Observed
1 —— COF Expected
E NLO SM Prediction
Q
: r -3
WW/WZ in Ivjj £ 10
1
S
L 120} 075 <EPD '
3 | ~*Data
100 | v -
© | [BwWW2|l s
% 80 | W+jets 110 120 130 140 1502
> Higgs Boson Mass [GeV/c
W gof Non-W 99 [ )
B Z+jets
40 b
B Top
20 } .
: . technique
150 200
M, (GeV/c?)
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The Higgs Boson

Tevatron Combination

Tevatron Run Il Preliminary, L < 8.6 b’
% LEP Exclusion | Tevatron
=10 = st Exclusion
ooooo x
E o S5 /
— B 16 Expected
- +2c Expected
@)
3>
0
(=)

<«———Tevatron Exclusion

July 17,2011

100 110 120 130 140 150 160 170 180 190 20
m,,(GeV/c?)

100 < my < 108 GeV and
156 <mu < 177 GeV (95%CL)

Expected Limit/SM

2xXCDF Preliminary Projection, m ;=115 GeV

Summer 2005 ~—— December 2008

—— Summer 2006 —— November 2009
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The Higgs Boson

Tevatron Combination

Tevatron Run Il Preliminary, L < 8.6 fb™

2xXCDF Preliminary Projection
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if no Higgs , 95%CL exclusion for mp < 190 GeV

2.5 - 3 0 sensitivity for my : 115 - 150 GeV

Complement LHC by providing a measurement H—bb
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The Higgs Boson

Top and W masses modified by loop

corrections involving the SM Higgs

80 5 July 2011 . v T
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mw = 80.399 = 0.023 GeV (world)

Tevatron 80.420 + 0.031GeV
goal with 10 fb™' : 15 MeV
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Summary

e Exciting 25 years of running at the energy frontier at the Tevatron
e 10 fb™! per experiment, CDF and D@ , that are still being analyzed
e Great physics program including measurements such as

» top discovery and properties, Bs mixing, precise jet , boson + jet cross
sections, W mass , Higgs boson limits, ....

» maybe hints of new physics....CP violation in b-hadrons decays , Afb in
ttbar, dijet mass in Wjj events.....

e and innovations and expertise that are now being exploited at LHC
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