rlzayvyy Flavor atines Tevairon

e In ~10 years of data-taking Tevatron’s
experiments pioneered and established
the study of HF physics in hadron
collisions

e Unigque access to Bs physics

¢ \World-leading rare decays
searches

e World leading masses/lifetimes

¢ b-baryons discoveries

e Precision CPV/mixing in charm

The Tevatron has shown one can do
precision b-physics at a hadron
collider!
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Over past decade, dedicated experiments, theory and
computational advances have achieved formidable
success

Ths SM explains satisfactorily data in leading B
transitions to within 10%

Some of the most promising probes are just now
being explored. Many of these probes are only

accessible in hadron collisions (B_s physics, high
statistics FCNC decays, precision charm....)

That is what motivates heavy flavor physics at the
worlds colliders



Tavairorn rlezvy Flavor

2 experiments

1073 ppbar collisions at 2 TeV in 10 years

0.1 - 1% of them yield B/D’s

We are able to get 0.1 — 10% of these on tape

High rate of all species of heavy flavors. Higher than
B factories (though lower than LHCb)

Symmetric detectors and CP-invariant initial state
ensure equal number of particles and antiparticles in
acceptance



rlow dowa do ]

1 KHz of reconstructable b-pairs
(pt 5-10 GeV)

Trigger: single lepton and dilepton as
well as tracks displaced from primary
ppbar vertex

Degraded efficiency at high luminosity
Significant bias on kinematics and decay-time

Tracking: a(Pt)/Pt? = 0.1%. Vertex known within 20 um.
Good muons and some particle ID (1.50)

Usually all charged final states. Absolute efficiencies are
normalized with reference decays. Simulation ony used for
Kinematics

Analysis challenges: determining quark flavor at
production, sample composition of overlapping signals etc
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B, Mxing and Ars,

® Measuring the oscillation
frequency, Delta M_s, of the Bs
system has been a major objective
of experimental particle physics.

® Can use Delta(ms) to get the
magnitude of the Vts and set
limits on the CKM matrix.

® This is a very experimentally
challenging measurement.




5 Ming

® Neutral B Meson system

| B >= (bs); |B >= (b3)

mixture of two mass eigenstates
(No CP violation case):

® ByandB_may have different o Tocase of AT =0
mass and decay width

(>0 by definition)




=1.210 *0-047 from lattice QCD
(hep/lat-0510113)

Vi ~ 22, V, ~\3, 1=0.224+0.012




Unitairity Trizingle

CKM Matrix Unitarity Condition

VudI/I;? + Vch; + VdezZ =0




opposite side vertex side

. neutrino
_jetcharge ~ ‘ : !
x U, ! fragmentation ,f

kaon

K/ By /

, b:ﬂ;aion
[Iv
\_soft

lepton

® reconstruct B, decays ! decay flavor from decay
products

® measure proper time of the decay (very precisely)
® infer B, production flavor (production flavor tagging)



Mlzzisurement ., In 2 Parfect YWorld

Decay Time [ps]

| what about detector effects
Decay Time [ps]



- * mis-tag rate 40%
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Decay Time [ps]
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Mixing Asymmetry

A(t) = cos(Amt)
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Muon Detectors

\‘1 l ‘
Silicon:Vertex
Detecq()r -

01 Central Drift

Decay Time [ps]

momentum resolution

displacement
resolution

scan for signal ! ]

- A\= Decay Time [ps]
APIIS () Unbinned

1 ikelihood

measure frequency Fitter

p ~ eV [1§AD cosAmt] - R(t)



Primary
Vertex

%_Ptz 2 GeV/c; 2y < Includes
_ ‘6=47um|| 33um
trigger extracts 20 TB /sec : beamspot
“unusual” trigger requirement:
two displaced tracks: :
(pr > 2 GeV/c, 120 um<|d,|<1mm) /mﬁ}

requires precision tracking in SVX =

2000} J V\M
1 L |- |

Eo ‘ . . ‘
—%00 -400 -200 0 200 400 600

SVT d, (um)




partially
reconstructed
B mesons
(satellites)

CDF Run Il Preliminary

5.5

satellites

combi bkg

: B 5D =n

6
MaSS(¢(K+K_)TI',TE+) [GeV/cﬁ

Ab—>ACn

.0

ombinatorial
background



Signal Yizld Sumimary: rladronic

B.! Dt (¢or)

B.! D.rt (K’ K)

B! D, m (3m)

B! D3 (¢ )

B.! D3 (K'K)

Total

Candidates per 20 MeV/c

600

N
o
o

200

CDF Run Il Preliminary

Lx~1fb"

oscill. fit —+ data

rang?f

— fit
B, — D, n*
satellites
combi bkg
W B 5D

Ab—>ACn

| I 1 | | | 1 1 | |
5.5 6.0

Mass(o(K K )r,n*) [GeV/c’]




S, Wng 2ind A,

Am =17.77*0.10 £ 0.07 ps™
CDF Run Il Preliminary
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539 Prnysics in Wixing

® BSM Physics can alter mixing
phenomenology from SM expectation

® QOur 2006 mixing measurement
(just showed) is consistent with
SM expectation (within lattice
uncertainties)

® Mixing Phase is unconstrained
— Large New Physics effects are still
possible

® New Physics is accessible through
interference between Bs->J/W¢
decay with and without flavor oscillations




Mlezsvurameant Outline

| . CDF Run Il Preliminary L = 9.6 fo'
> F 10950 + 111
' E Signal Events
gy C
Ot

Joint fit to mass, angles, decay-time and
production flavor distributions to extract

the mixing phase B’
I-SI'-""
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o 53 5.35 5.4 5.45

Jhy K'K Mass [GeV/c?]

B, invariant mass fit
to separate signal from BG

CDF Run Il Preliminary L =9.6 fo”

B - J¥K"
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C SD.= 1.09+ 0.05
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Flavor tagging
to determine initial B, flavor
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proper decay time (ps) Angular analysis

d
to know time evolution

[Decay time measurement to separate CP-even/od




CDF Run Il Preliminary L= 9.6 fb™
lllllllllllllllilll|lll
68% CL :

95% CL

SM expectation’

Symmetry line :

Mixing Induced CP Violation®

|III|I

1IIIII

Illlllllll"(._

" A. Lenz and U. Nierste, arXiv:1102.4274v1 (2011)
% 2Ir,,)= (0.087 + 0.021) ps™

coa v b b s Ly g |

5 -1 -0.5 J/LG%) 0.5

p, " [rad]

& NEW result using full data!
& Consistent with SM <10

|

Y T

DO Run i, 8 fb- AM,=17.77+0.12 ps
SM p-value = 29.8%

|
o ¢
W

o
N . . P
&,JIII|IIIIWI|IIII|IIII|IIII|

|
o
>

& Consistent with SM ~10

arXiv:1109.3166
(accepted by PRD)

First measurements (2008) showed
intriguing 2.20 discrepancy




B> U

® SM rate is well understood
® SMrateissmall 3.2x10°

® Broad class of NP models
w/new scaler operators)
enhance it by 10x-1000x

® Experimental signhature
is very clean

Cl}allenge: reject 10° larger bckg. Keep signal efficiency h__igh



Thne Analysis

Trigger on two muons with pr> 1.5-2 GeV/c

NN classifier separates S from B

lifeti vertex . Pointi
ifetime quality Isolation ointing

CDF Il Preliminary 7 fb™
8 g 2 F _ 2 T
E 40000 3 § 40000} E g 50000p igna $ 10000
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L. /c x2 . A O, [rad]
‘‘‘ vix Isolation

£ as000f= T 2 [77 7 == sideband Data

Bckg predicted using masss sidebands (comb.) and fake rates
for B—hh. Checked on many control samples

Look at search region in bins of mass and NN.

Rate determined using B*—dJ/ :“K* as reference



BY Rasults
» Divide signal region by NN
discriminant

» Estimate BG from each mass
sideband

TS

CC o94<v,_<097| 097<v, <0987 0.987 <v, <0.995 v, >0.995

data

Bt ! 2 central

% ‘

= Stil'«l\«'l’ 4— 4’4‘ - muons
expected _ & i S HH“ F;H ,} v«L«

bckq § ° ]CF ;9410‘"‘:0.9'7 o.sal7<v:<c.987l 10.987 -:\'.‘-::).995 v, >0.995

= 10 - L

-§ - Background :

8 ] [ 1 central
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M., (MeV/c?)
Bckg only fluctuate there or further 23% of times

1 L

ystematic HHiﬁLii';i%

Br < 6x107°at the 95% CL (expected < 4.6x10°)
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June 2012
T T

| T T
DO 6 fb™'

PLB 693 (2010) 539

CDF 7 fb™!

PRL 107 (2011) 191801

CDF 10 fb™"

www-cdf.fnal.gov/physics/newlbottom/1l 20209.bmumu10fb/

ATLAS 2.4 fb™"

arXiv:1203.4493

CMS 4.9 b

JHEP 04 (2012) 033

LHCb 1 fb™!

arXiv:1203.4493

SM Prediction

(68% CL region) |
1 Il Il

0

20 40
BF(B,—u"w)x 10° @ 95% CL

Summer excess not reinforced by new data, but still there
Observe a 20 fluctuation over BG - so we quote a BR

BR(B;—p"u)=(1.3"9947) X 10
0.8 X 109<BR(B,—p"pr) <3.4 X 10 95% C.L







Run Il is a story of Luminosity

O

' single top discovery b rare Bs decays
T ——
diboson channels

Y(4140) evidence
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top discovery F
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032rvaon Of naw neavy Laryons

b

L=1.1fb __ Fit Prob.=76%
Total Fit
Backgroun CDF, 4.2 fb™'
3, = A
¥ — Al

w

N

Candidates per 5 MeV/c?
N W !

o =
o v = »

o~
O

\\\ ~
>
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>
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o
O
O

Total Fit
Background
zp = Apr*
o= Al

0 0.15 2.20
Q=m(A%) - m(A,)-m_ (GeV/c
(Rom) - miAy) -, { ) yield=17 5+4.3

M=(5,792.9+2.5)MeV/c

Candidates / (15 MeV/c?)




CDF Run/|

DO Runl

CDF Run I (prel.)

DO Run i

Tevatron (prel.)

80.436 + 0.081

80.478 = 0.083

-4 2.2fb7' 80.387+0.019

4 53 fb' 80.376 + 0.023

80.387 + 0.017

World average (prel.) 80.385 + 0.015

80 80.2

I
80.4 80.6
m,, (GeV)

March 2012

1
[ JLHC excluded

| —LEP2 and Tevatron
{ - LEP1 and SLD

68% CL

Approaching 10 MeV uncertainty




—=— Bkg Sub Data (7.3 fb'")
Gaussian

— WW+WZ

200
M, [GeV/c?]

Looking for a W boson and 2 quarks (jets)



Number of events produced per experiment in

6 months of runmng
60

-

.

iy 20
40
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; ZH—-IIbbém
+ S o
10 120 130 140 150 160 170 180

Higgs mass (GeV)

In 10 years, we’ ve made about 500 Higgs in each experiment

This is a hard way to make a living!




Four channels
contribute almost
equally in the
interesting region -
need to improve all
4!

WH—Ivbb

Ey
>
=
(/p]
Q
(/p)
S
A
©
S
(4]
-
@)
P
o
©
LL

H—WW—lvlv

Remaining channels
have a combined
weight of ~10%

CDF Run Il Preliminary, L <8.2 fo™

from Standard Model

WH:1ZH+VBFjjbb 4.0 b Obs
WH4+ZH+VBFjjbb 4.0 b Exp

H-116.0 ib” Obs
H-1:6.0 1b™ Exp

ZH-1Ibb 7.5-7.9 fb™ Obs
ZH-lIbb 7.5-7.9 1b™ Exp

ttH MET+jets 5.7 b Obs
ttH MET4jets 5.7 b Exp

W,Z+116.21b™" Obs

- WZstt6.2f" Exp

WH+ZH—METbb 7.8 ib™' Obs
WH4+ZH—METbb 7.8 fb” Exp

WH-lvbb 7.5 b Obs
WH-lvbb 7.5 ib™ Exp

Hoyy7.0 1" Obs
H-yy 7.0 " Exp

ttH lsjets 7.5 ib™ Obs
ttH lsjets 7.5 fb™ Exp

H—ZZ-418.2 b Obs
-  H—oZzZ-41821b" Exp

H-WW 59 fb™' Obs

H-WW 59 ib™ Exp

Combined Obs

July 17, 2011
‘ L 1 L L ‘ 1 L Il L ‘ L

120

130 140 150 160

170 180 190 200
m,, (GeV/c?)




Improving the analyses

CDF Run II Preliminary
WH — 1 v b b projection (mll =115 GeV/A) I m proved b-ta gger (c D F)

1.0fb™ (Summer 2006)
1.7fb" (Summer 2007)
2.7fb” (Summer 2008)

430" (Summer 200 Improved dijet mass

5.7fb" (Summer 2010)

7.5fb™ (Summer 2011) reSOIUﬁon (CDF)

9.4fb™ (Winter 2012)
1.7/b" + 50% ~125% improvement

Improved acceptance with
track missing momentum

(DQ)

=
N
S~
E
=
S
3
]
=
e
=

o Improved multivariate
Standard Model

0 2 4 6 8 10 12 14 16
Integrated Luminosity (fb™) Improved modeling of

Improvements beyond simply backgrounds (with
adding more data verification using WW/WZ)



CDF and DY rliggs Sear

cnes Wit r

~U)] Dzjtz) St

Tevatron Run Il Preliminary, L < 10.0 fb™
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g : L Ob]served I [ ! ! l ATLA§+CMS
2 B O Expected w/o nggs Tevatron | Exclusmn

S .o [ +1-s.d. Expected -

< 9

i Exclusion
} I

T:MS Exclusion

1

AT,,LAS,%,C,MS, . W ' |

I Jun? 2012 .

Factor away in sensitivity from SM

~320 130 140 150 160 170 180 190 200

m,, (GeV/c?)

Ho W'W

H- vy

H— bb [~

Tevatron Run Il Preliminary

L <10.0fb™
m,, = 125 GeV/c?
HEl— D Combined (68%)
- Single Channel
=
——l
| | | | | | | |

June 2012

0 1 2 3 4 5 6 7

Best Fit 6/0,,

* Tevatron data are incompatible with background only hypothesis
* For full combination of searches p-values are 3.0c local or 2.5¢ with LEE

factor

* For Higgs to bb channel p-values are 3.3c local or 3.10 with LEE factor

® Tevatron data are compatible with Standard Model Higgs boson production in
the mass range 115 GeV <M,; <135 GeV in all studied channels including H >

bb, H > WW

and H - vy




Combine our three
primary low mass
search channels

WH—IVbb

ZH—VVbb
ZH—llbb

Observed
Expected w/o Higgs
+1 s.d.

Factor away in sensitivity from SM

100 105 110 115 120 125 130 135 140 145 150
mH(GeV/cz)

For Higgs to bb channel p-values are
« 3.30 local

« 3.10 with LEE factor



2009 Single top quark production

1995 Top quark
1998 B. meson
1999 Direct CP viola
2000 Tau neutrino /
2006 B oscillations
2006-Sigma-b baryon
2007‘:§qscade-b baryon
2008 Omega-b baryon

fon in Kaons

2011 Xi-b baryon
2012 World’s best W mass meqsurement/
2012 /




Accelerator
Innovations

* First major SC
synchrotron

* Industrial
production of
SC cable (MRI)

* Electron
cooling

* New RF
manipulation
techniques

Lod
»

|
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o N \ \
7 3
*!Tevatr _

.




Detector
innovations

* Silicon vertex
detectors in
hadron
environment

* LAr-u238
hadron
calorimetry

* Advanced
triggering
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Analysis
Innovations

* Data mining
from Petabytes
of data

e Use of neural
networks,
boosted
decision trees

* Major impact
on LHC
planning and
developing

* GRID pioneers

. Y,

Input #1

Input #2

Input #3

Input #4 —




Mass of the Top Quark
July 2010 (* preliminary)

——
CDF-I dilepton 167.4 £11.4(:103=49)

D@-I dilepton 168.4 £12.8(:123:36)

CDF-II dilepton * 170.6 = 3.8 (- 22:3.1)
<— Antiproton D@-II dilepton * 174.7 £ 3.8 (: 29+ 24)

O O T T L L L L P T e e T e e

CDF-| lepton+jets 1761+ 7.4 (:5.1:53)

————

D@-| lepton+jets 180.1+ 5.3 (:39:36)

CDF-Il lepton+jets * 173.0 £ 1.2 z07:11)

D@-Il lepton-iets * i 1737 £ 1.8 cos=16)

- ——
CDF-| alljets 186.0 £11.5(:100:57)

CDF-Il alljets 1748 £ 2.5 :17+19)
L=1.0f"

CDF-Il track 175.3 £ 6.9 (-62+3.0)

Tevatron combination * 173.3 1.1 z06:09)
(= stat = syst)

¥&/dof = 6.1110 (81%)

| | | |
150 160 170 180 190 200
My, (GeV/c?)

E AAME=17.75)71.21+ 0.20
5 10 15

CDF Il preliminary J.L df ~ 200 pb'1

s
ﬂﬁﬂ» + ﬁw
i

!

events / 0.5 GeV
i
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t
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dﬁMW = (80493 + 48, ) MeV
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x*/dof = 86 / 48
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Accelerator
Innovations

* First major SC
synchrotron

* Industrial
production of
SC cable (MRI)

* Electron
cooling

* New RF
manipulation
techniques

Detector
innovations

* Silicon vertex
detectors in
hadron
environment

* LAr-u238
hadron
calorimetry

* Advanced
triggering

\U

Analysis
Innovations

* Data mining
from Petabytes
of data

* Use of neural
networks,
boosted
decision trees

* Major impact
on LHC
planning and
developing

* GRID pioneers

J

Major
discoveries

* Top quark

* B, mixing

* Precision W
and Top mass
- Higgs mass
prediction

* Direct Higgs
searches

* Ruled out many
exotica




