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Fermilab Tevatron

« New 120/150 GeV Main Injector replaced Main Ring
— Higher intensity of protons and antiprotons.

» Tevatron operates at BO interaction point
with 36 X 36 bunches e
(had been 6 x 6)

e Increased CM energy
1.8 TeVto 1.96 TeV

p source

Run Il started in Ao

Main Injec-.'rc-all:

—— - il ——

March 2001




Tevatron performance : Run-Il
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« Highest peak luminosity
2.92 x 10*? cm=2 st

(Feb 27, 2007)

 Delivered luminosity
~2.51fb?

* Recorded luminosity
~2.11b?
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Run-1l1 CDF Detector » Tracking system
e Silicon detectors : vertex

Hedzen “Saleringter Muon Chamber i D”ft Chamber : p, dE/dX
B * TOF system : K/m sep.
I o e Solenoid : 1.5 Tesla
AR v _5e EM calorimeters
e ENN e .
{; ’ e Hadron calorimeters
| . )

Solenoid

Tracking Chamber Interaction Poin _h

Silicon Detector

Good lepton ID capabilities
Excellent tracking (large solenoid)
High-rate DAQ w/ Si trigger



Tevatron

ly,/<1) (nb)

U( pT.b > pT‘minr

Compared to ete™

. It IS an inexpensive B-factory

experiments on T(45) :

e Larger production rates, ~ 10 ub vs. 1.1 nb
e Not just B=/BY, also BY, B, AY.

e Sizable Lorentz boost, fv ~

10° =

10°E

pp —>bX, Vs =1.8 TeV

N
4 .
N
1 O M
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CDF Preliminary

Some measurement errors are correloted .

]

—— NLO QCD: m,=4.75 GeV, A;=215 MeV
MRSDO, u=puo=v(my+ps")

----- Lo/ 2< 1< 2pto, 4.5<m,<5.0 GeV

B X

O e D%

v oYX

10

20 30
pT.min (G eV)

40

2 —4 = good ct resolution.

To utilize these fatures,
need to trigger them efficiently :
e Historically relied on leptons
—b— Ve
— B—= J/YpX 0TI X.
e Run-II employs displaced-track
trigger (SVT)
= can collect all-hadronic fi-
nal states



CDF di-muon triggers

Near J/y

J/Iy Mass Silicon Selection

x10° CDF Preliminary [L 260 pb”'

| Wide mass range
|_Di-Muon Mass | CDF Preliminary: ~360ph™ S
. sl oM. I I Triggers: ® 120 %
10 3 J/W 27M Jp3| E :a NJIwHZX'loB
] 1 Rare B N «* ox~14 MeV
BBbar w 100} .
U'p’S]’I'on """"" O - ¢
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Di-Muon Mass(GeV) ! f 'j
0
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_ J/p >0 2
Jhy Mass (GeV/c")
b Thu Aug 5 20:26:38 2004
- >
B <
S ~15% from B decays
7 g K. K




Run-Il Silicon Vertex Trigger : | Use silicon information at

SVT

the 2nd level of trigger

g COT track ( 2 parameters)

e Find a track In the
main tracker COT.

« Extrapolate toward
the SVX.

e Find SVX hits
along the road.

-  Calculate impact
i beam spot

!

!

5 SWVX coordinates

— parameter wrt the
primary vertex
(beam spot).

e Resolution ~50 um

impact parameter
(transverse projection)

Typical trigger requirement : for > 2 GeV/c.
two tracks above 2 GeV/c,

|d|>120 um,

L

vy > 200 pm.



B Physics W-
Weak interactions (charged currents) : D; w

L ox UWHyu(1 —vs5) D', v\
U.

d, d Vud Vus Vub
D/ — S/ p— VCKI\/I S p— Vcd VCS Vcb
v b V;fd Vis V;fb

eg. b - c and t — s transitions occur at
the first order (|AB| = |AT|=1).

h
w

= Quark flavors are not always conserved, { ‘
(qv]
=

G !

[ ]

b
e At the second order, AB = 2 transi- B’
tions can happen. -
e BY-BY and BY-B? oscillations !
Top quark dominant in the loop. b w V% 5
e B physics is sometimes top flavor physics. Bg u,c,t u,c,t Bg




BO-BY oscillations (g =d, s) - w V. =

Amg = S ViV 2m2, mp f2 Bgag S (2t) S|~
mq = 45 |V Vig|“ miy mp fg Benp (mw) e
8 s b
= measure Amg, extract |V
0'7: T T I T T S i ':
Amg known to 1% o6 RmSin Sk Sla sy Am; &am, 5 NeION -
but |V,4| is determined only —>F = S -
4] =17 P, " sol. w/ cos 2B < a
tO ~/ 20 A)- = 0.3 i_% M‘H‘ <% {elxcLLtGLEg.BSC)) :
0.2 — « LA o
Why? Bgf2 has to come ot < VulVal [ :
B . |\F_ ORI .. B Lo :
from theory. 90.4 0.2 0 0.2 0.4 0.6 0.8 1
P

But much smaller uncertainty in the ratio for BY and BY.

e= VBB _y 5040087

= —0.035
/BB, IB,

4%

(Okamoto, hep-lat/0510113)



BP-Bg oscillations (q =d, s) %
0 0 unmixed |
Punmix(t) = P(BY(0) —» B (1)) §
1 e .
= —e " (14 cosAmt) = mixed
2’7' 2
Pmix(t) = P(B°(0) = B°(1))
1
= —eY7(1—cosAmt)
2T e
AnalySiS StepS Decay time

e Reconstruct B meson decay with flavor-specific final state,
such as BY — DT (nn)~ and BY — ¢~oD*T.

e Measure decay length L and momentum p

e Extract proper decay time t = %—{YC — L%

e Determine the initial flavor, Bg or Eg



Bg signals, 1 fb_1 Silicon trigger crucial

: > _ Semileptonic :
Hadronic : B9 — D n - p+ -
BS _> DS «6_ VX
CDF Run Il Preliminary L=1.0fb" _
: —— data 2000 = data N§4UOU'
: — it D30000
N.Q_ 400 ﬁ — fit N,__e - EIO | I E
S - s D /K = . signa 'g.zoﬁo_
% - _s S %1 500 = false lepton & physics 51000
- BY - D.'nw/K i =
O 300~ s Tp] comb. bkg. &
AE L =0 + . o | 0 e
— i B, — D.p - 1.94 1.96 1.98 2.00 _
3 i b — DX 81 000 __ t f ¢ m mass [GeV/c]
@ 2001 } ] o @ . AV
£ S W&o 5 I
Xe) '|L++ 0 + O i
o P Ab —> Ac w - - 7
S 100 1 & 200 //
S | comb. bkg. O - / //
oA Loonon oo PTIC ! : | "% D_ _""' 7% /////b
/ 52 54 56 5.8 3 4 5
o' mass [GeV/c’] b 7' mass [GeV/c]
Partially reconstructed :
BY — Ditx—, BO = D p= (v/m° missing)



One of the challenges : resolving very quick oscillations
Am = 0.5 ps—! and 15 ps—1
Ams = 15 ps—1 & Period T = 0.4 ps, need o; < 100 fs

B? and BY Oscillations

Lol | | ] Proper time resolution
i HH\H\MM”MM"HMMMM_ Real data, hadromic mode
0.5 | - CDF Run Il Preliminary L =1.00 fb”
I q 5 B, — D; (3)r*
0.0 | £ 0.25] s s
3. <0~ = 25.9 um
- 0 0.20]
—0.5 g
/ 20.15 (o) = 86 Ts
- N a Il 3
ol TERTERET T PN VT T B o0
o
0.0 0.1 0.2 o. - 0_055
ct (cm)
0'8‘.3000 0.002 0.004 0.006 0008 0.010

proper time resolution [cm]

Roughly 20 times better than Belle/BaBar



BY-BY oscillations

1+ cos(Amt) — 1+ Acos(Amt), fit for A

analysis

A = 1 if oscillating, A = 0 if not.
5 CDF Run Il Preliminary L=1.0fb"
§ C - datatic 4 95%CLImt  172ps’
%1-5 — 168450 O sensitivity 31.3ps’
E 4F M daa: 16456 lﬂ |
< E data+ 16450 (stat. only) M |
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Could have excluded up to 31 ps—1,

Am, [ps‘1]

If it were not there.
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BY-BY oscillations : analysis (cont'd)

A In(L) DRSS Likelihood dist. (#5KE)
x10° _ CDF Run Il Preliminary L=1.01fb" CDF Run Il Preliminary L=1.0fb"
14— :"‘* 30F _
i = —— combined
- randomly tagged % — hadronic
n 20k — semileptonic
- —— signal Am=17.77 < H
100 -
8- 107
0}
4 I
- -10}
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- | | | g
0 L L1 1 L . L1 1 — l e I B | 11 | | | | 11 | 11 1 1 | 11 | | | | 1 1 |
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Impact on the unitarity triangle CDF

Ams = 17.77 + 0.10 + 0.07 ps—? / - £, Amy
= |Via/Vis| = 0.2060 + 0.0007 19-9981

Summer 2005 — Fall 2006
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Bcci)s — h+h(,)_ ht = 71':':: K*
Po(b Viss Vig
d { 50 s g—nt
s d Bj—- K« P>T
4 _O _
Penguin U} K, m B} »atn™ T>P
u
Vi d./ - Spectator
d\ ud,an) BY s KtTK— P>T
Tree 4./ ' BY s Ktn— T<P
TC+

° E‘g modes observed at B factories and CP asymmetries measured.
Also seen at CDF.

e B » KTK~ observed at CDF.

e Proposed to use BY - nt#x~ and BY - KTK~ simultaneously to
extract angle v (phase of V;).




/ .
Bcci),s — h+h( )— sighal assigning the pion mass

50

Real Data, 1 fb'! Expectation from MC

~, 1600( -
= 3 300
D 1400 - -Bg — Kn
= | s [1B; — KK
& 1200 250: Bs° -, i
g8 - BB - Kn
% 1000[ 200~ -BE—::-RTE
2 800:_ - DBUU% KK
3 f 1501 DAy > pK
2 600 : BIA, — pr
3 ; Combinatorial 1001

400 background -

2 53 54 55 56 57 58 551 52 53 54 55 56 57 58
Invariant ntr-mass [GeV/c?] Invariant = mass[GeV/c?]

Partially
Reconstructed

_ o Statistical separation
Main contribution from using mass, kinematics,

50 — 50 — R0 —
Bd—>K 7T+, Bd—>7r+ﬂ‘ : Bd—>K+K dE/dX




Bg results

B(BY - ntn™) BR(B%—sm*1) x 10°

=0 e 0.259 £ 0.017 £ 0.016
B(Bd — K—7T) 450+ 130+ 050
BaBar (HFAGO6) — 5.80+ 0.40+ 030
B(Bg s 7T+71'_) 510+ 020+ 020
= (5.10+0.33+0.36) x 10—5 CDF 1 fb™ —— 510+ 0.33% 0.36
e*e” Average - 5.25+ 0.24
e'e + CDFIl Average @ 522+ 0.22

P MBS - K—=at)—r(BY - Ktn™) Ap B—K*)
“P= (B9 » K—nt) + (B9 - K+rn-)

-0.040 +0.160 £ 0.020
BaBar (HFAGO6) —— -0.108 +0.024 £ 0.008
-0.093+0.018+0.008
= —0.086 & 0.023 £+ 0.009 CDF 1 1b —e— -0.086 +0.023 + 0.009

e‘e” Average - -0.098 £0.015

e*e + CDFIl Average e 0.095+0.013

0.2 01 0 o041



BSO results = (5.10 £ 0.33 £ 0.36) x 107°

f(b— B9 . B(BY - KTK™)
f(b— BY) - B(BY - K—nt)

Or: B(BYS - KTK-)=(24.4+1.4+4.4) x10~°

= 0.324 £ 0.019+ 0.041

spectator d & s
B(BY - K—nt) = (18.2+0.8) x 10~°® (PDG 2006)

Future : exp. resolution

Measure CP asymmetries

AXX sin(Amt) + ALEL cos(Amt) < 08

in BO — 77~ and Bg KtTK-, x

and extract angle v (V,,; phase) =K

R. Fleischer E
Expect SM

G(ACP) ~0.15-0.20 - _:H/ tH” ,::-:; | F. -

cu J

~ O
Angle v to ~ 10 SUSY space B (Back et al, hep-ph/0610109]




Rarer modes  Tighter cuts optimized for B9 — KTr~

CDF Run 1l Preliminary Lim=1 fb™

N =
O i
= i o B MC CDF Run Il Monte Carlo
é) 1000+ [ I B - K'm B
e 0 ] 300[
p I B« - BB’ Kr
N - [ 18%B kK i
= 800 250
g = - BB 1] B
(/)] I e« B K 200:_
% 600 1 A2 pr+ Ay — P -
3 | B Ao o s B :
o L. . . 1501
cC B l:| Combinatorial backg. B
g 400 - Three-body B decays -
O 100[
- + —
200 C
50
05 51 52 53 54 55 56 57 58 O . . . 5.8

Invariant tn-mass[GeV/c?]
Three new modes observed
N(B? - K+r~) =230+ 34+16 — BB = K¥n7)
N(AD — pr=) = 110 4 18 + 16 = (5.0+0.75+1.0) x 10~
N(AY - pK~) =156 +20+ 11



CP violation in B9 -+ KTn~

Bo b B9 - K—nt &, b B) — K+n~
s U-spin
Ttk d< s . T}
Mode 1 u T, =
d & s Mode 2
aJﬂ:"’ -s\—’] K+ ode

Under U-spin, CP asymmetries are related :

AdL(mode 1) _ B(mode 2) P(K~x)

——P(K—nt)+ P(Kt7n™ )

<t
AdL (mode 2)  B(mode 1) S an
Gronau, PL B 492, 297 (2000) 2 \_L
& 1000/ S
CDF sees : | -?g—:»K'f #
(B9 —» k+ta—)—r(BY - K—nt) & ™ M5, -«
Acp = =0 ¥ o T i | | background
M(BY - K+to—) 4+ (BY = K—nt) 4ok
= =40.39x0.15+0.08 B
. 400
_Acp(Bs) _ 45100 ) -
ACF’(B ) Agree though %% =
- + errorsare Iare _IIIIIIIIIIIIIII|||||||||||||||||||||||||
B(B} &+ K™ )=3.g:|:1.0 ) B i 0203 04 05 0.6 07 05 05 1

B(BY - Ktn) Probability ratio A_ (B — K"



BY = J/Y¢ — ptp K-

2

candidates per 5.0 MeV/c

(@3]
(=]

50

i
(=]

20

10

CDF Run Il

- B, — Iy o

203£15 sig.
candidates

Fit prob: 93.4%

IIII|
+

5.4

I 5.5
(LuKK) mass, GeVic’

m(BY) = 5366.01 £ 0.73 £ 0.33 MeV/c?

Predict 7(BY)/7(BY%) = 1.0+ 0(1%)
But expect Alg/I's ~ 0.1.
Mode dominated by CP even

(r;/r =0.2324+0.100 £ 0.013, CDF).

candidates per 50 um

CDF Run Il Preliminary

B.—>Jvo

260 pbL

Fi

-0.1

- data

B ct(sig)

ct(Bkg )
ct(Bkg )
t prob: 26.9%

11 ]

0.0 0.1 0.2

0.3
ct,cm

7(BY) = 1.369+0.100 4+ 0.010 ps

Can exhibit a different  than
in flavor eigenstates.

Future : look for CP-violation, ~0 expected in SM, arg(Vy).




BY — J/vy¢ Lifetime 1 b

CDF Il Preliminary 1.0fb™

> F
E SIJI]I:— ;E:EHI
E - @ sknal region
E EED:_ I Ekg region
= B
- 200 NiJip 4)=1133
0 150f
B, -
PV 100
528 53 532 534 535 538 54 542 544 546 5.48
Mass(J/y 0) [GeV]
e Topology similar to BY — ,Ii.f'r_ﬁff*':' Signal region CDF Il Preliminary 1.0f™
g - = [Diata
é- I Signal
\Y ' 113 g T —Bhg
‘\ [:‘}-.ff.{'lljiﬁ') — J-l’—g‘j E»m!:_ — Signal+Bkg

=1.404+0.0534p=s

cT(BY) = 447.9416.2(stat ) £2.8(syst ) pum
7(BY) = 1.49440.054( stat )£0.009(syst) ps

10

0 005 01 045 0.2 025 03 035
ot (Jhp b} [cm]

1. R, Mumford, B Hadron Litetime Results [ CKM Warkshop 2006 18

Guess: o(sin2¢s) ~ 0.2 — 0.3 with 8 fb—!



Summary

CDF has a rich B-physics program, complementary to T(45).
Recent results include :

e Amyg, finally.
e B — hh, some previously unobserved modes.

(Near) future :
e CP asymmetry in BY - KTK~ (and BY — nt77)
e CP asymmetry in BY — J/y ¢,
phase of BY-BY mixing mi,, ~ 0 expected in SM.
e Continue search for B — uTpu~.
o Lifetime difference Al s, non-zero? Phase in [ 1577
e B9 - DY K~ and angle 7

Many studies of FCNC b - s transitions



Backup slides
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Entries /0.5 ps

Asymmetry

V,p and sin 23
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Raw Asymmetry
o .o o
o o0 = = OO o u»u =

sin28’ = —0.99 + 0.50, vs.
Was 3.5 o away, but now ...

Belle : PRL 91, 261602 (2003)

BO/BO — J/ng (b — ccs)

Evolution df S, measurements

< 4 BABAR 0.50+0.25+0.07
x Belle 0.4420.27+0.05
] A -. ,
r I
0 ? -
- .
0.5
— - 600
u ? - 500
e | FE . . . 1111
300
* BaBar [
'1'5_ * Belle —100
1 1 1 1 1 1 1 1 'l 1 I
1990 2000 2001 _ 2002 2003 2004 _ 2005 _ 2006

Million BB pairs

+0.731 & 0.056.



CDF can provide tests of b —» s (new phys?)

o 5B Hlations.
If Ams > 1 —— N Icle in the loop.

e Look for CP violation in BY — J/v ¢.
This is phase of Vi, in SM, so expect ~ O.

e CP asymmetries in BY — ntn~ and BY - KTK~.
Latter dominated by b — s penguin.

e Look for rare decays BY — putpu~.
Extremely suppressed in SM, B ~ 10~ predicted.

The s-quark in the BY meson isn't just a spectator.



Rare decays BY/BY — uTu

+ FCNC b ~ B
« V for BY,, V. forBY Pl
» Helicity suppressed. d, s A -
* B.F. very small. b W

|+
1_ \m<
Z
d,s r“f‘; g |-
SM predictions for B.F.

e BY = nTu~ (1.004+0.14) x 10710
e BO - uTp~ (3.4 £ 0.5)x 1077
e Five orders smaller for eTe~ modes.




Search for BY/BY — pTp~

o~ 3
5?‘3 CDF Preliminary 780 pb.1
§ B, o >H = E CMU-CMU )
2z 25 Two and one candidates
E 2 = © .
5 5 & in the B, and BY, mass
sideband ;”,'ﬁ: sideband windows.
1
B.R. < 3.0 x 10-8 for BY,
||| T N N A e B.R. < 1.0 x 107 for BY,
. - @ 95% C.L.
= | cDF Prelimi 720 pb™ i
2 B S Y5 Cmucux Preliminary.
3 & CDF Run-I limits :
< sideband > m, > sideband >
1 B.R. < 8.6 x 107 for BY,
B.R. < 2.6 x 10-°for BY,
R T A T PRD 57, 3811 (1998)

4.8 5 52 5.4 5.6 5.8
M,/ GeV/c?



BY meson o 7
_ >
Use semileptonic decay B -
- 3 g \ C ¢
B9—>£_VD;|_X, D;I_—>gb7r+ g D, D, ..
CDF Run Il Preliminary 103: CDF Run Il Preliminary 360 pki1
NG Iepton-D+ g Combined lepton-Dq
< S -
S | = | — Al
2 400/Signal ~ 1156 = 10° oo 5% [vDIX
= a -------------- Backgrounds
5 810}
o N -
" L
2200 © 4L
S =) -
S =B
O @ 1|
= 010 -
O | | | | . ; fit prob. = 0.282
| : \ \ \
9.7 1.8 . 1_.9 2 Z.él. 2.2 01 O 01 02 03
M(K Kr*) (GeV/c) Pseudo-proper Decay Length (cm)
+0.052

7(BY) = 1.381 £ 0.055 55,5 PS
Satoru Uozumi, Ph.D. thesis, 2005



B signals from CDF SVT triggers : full reconstruction

B~ = D%~ —» (K at)n~ B = Dtr - (K ntat)n~
CDF Run Il Preliminary L =~ 245 pb™ o R
CDFIl Preliminary L=360pb
Prob=125% | 2000 T

4 idat 5 C Global fit

o ﬁ 809 candidates EISGD C G h I:I E‘%g‘b{;
| L -+ aol
= 31600 B DT . £ = B
1000 - C D =K't | A
o 1400 3 N Bt Combinatorial
:' e B continuum
; - ;oo
= 1000
L NofB °:7957 +89
S 500 1 500 | -
o 600
@]
g 400
< 200
LA LR ) _ 0 . : al g v
o+— I 4.8 5 5.2 5.4 5.6 5.8 6

5 55 6 Mass [GeV/c’]
. . 2
K" m m, invariant mass [GeV/c]

Calibration modes for BY-BY oscillations.

Understand proper time resolution and flavor tagging




opposite side same side (vertexing)

opposite | Signal reconstruction
side lepton o+
fragmentation
—_ D meson ~o )
. K
B jet B hadron =
| 0 ~ -~ =
S Be i~ K
Collision Poin_t * L xy typically 1 mmhé D, _
Creation of bb | . ;
- ct=L,,—
Pr

Flavor tagging: BY or BV att =10 7
pp — bbX, pair-produced.

The other B hadron in the event and its daughters
(e.g. lepton) gives the information.



Flavor tagging summary

eD? Hadronic (%) eD? Semileptonic (%)
Muon 0.48 = 0.06 (stat) 0.62 = 0.03 (stat)

Electron 0.09 £ 0.03 (stat) 0.10 £ 0.01 (stat)
JQ/Vertex 0.30 £ 0.04 (stat) 0.27 £ 0.02 (stat)
JQ/Prob. 0.46 £ 0.05 (stat) 0.34 £ 0.02 (stat)
JQ/High p- 0.14 £ 0.03 (stat) 0.11 £ 0.01 (stat)

Total OST 1.47 = 0.10 (stat) 1.44 = 0.04 (stat)
SSKT 3.42 £ 0.98 (syst) 4.00 £ 1.02 (syst)

Big Iimprovement came from same-side
kaon tagging using TOF information.




