Flavor Physics at CDF

Walter Hopkins

Cornell University

August 13t 2012

for the CDF Collaboration
SUSY 2012

Walter Hopkins (Cornell University) Flavor Physics at CDF August 13" 2012 1/43



Topics

e CP Violation in Heavy Flavor
o B2 = J/vo
o BY = DI D)=
o Hy— h™h~ (h=7%, h=K* h=p)
e D—hth™ (h=n%, or h=K%)
e Rare Heavy Flavor Decays
o b— syt~
o Bog—ptp”

Motivation

Analysis Method
Results
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CDF Il Detector

e Multi-purpose detector

. End-Plug Electromagnetic Central M
e Silicon vertex detector close Calormlor (PEM),  Gharbers (GMU) onra Huon Upgrade (CHP)
. End-Wall Hadronic i
to beam line = secondary Calorimetor (WHA : : Penta! Muon Extersion (CI5)
vertex identification Calormaer (PriAy :
e Central Outer Tracker Cherenkov Luminosty N/ A i N
R . . Counters (CLC) L =\
(COT) = multi-wire drift gy Proons
chamber Tevatron =)

Beampipe
e Measure track trajectory
o Measure deposited

Barrel Muon

jonization energy protors Chambers (BMU)
(dE/dx)
. . Central Outer Tracker (COT)-
e Good Muon drift chambers: el
Central (C) a nd some Central Electromagnetic, Interaction Region
Calorimeter (CEM) Layer 00
Forward (F) (yel low and Central Hadronic Silicon Vertex Detector (SVX Il)
cyan ) Calorimeter (CHA) Intermediate Silicon Layers (ISL)
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Heavy Flavor Reconstruction at CDF

e B and D mesons have long lifetimes (~ 450pm and ~ 1204m)
o Signature: displaced vertex

Two triggers used

e Dimuon: requires two tracks matched to muon chambers
o BY — J/pp — pTpum KTK™
o b— syt~
® Bsg = ptu”
e Displaced vertex trigger: require two tracks with displaced vertex
o BY = DI D)=
o H,— hTh'~
e D hth™
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CP Violation in Heavy Flavor

B — J/¢

Using 10 fb~!
CDF Public Note 10784
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e B mesons mix with B mesons

e Light (B) and heavy (By) eigenstate — different decay rates for light and
heavy states

e CP violation in BY — J/1¢ decay from mixing

e Relative phase between decay rates with and without mixing
¢s =2 arg[—(Vis Vin) /(Ves V)] + QSLVP

e SM CP violation small, theoretically well understood

e Several NP scenarios predict enhancements — new contributions in loop?

Measurements

e CP violating mixing phase in B — J/1¢
e Decay rate difference, Al =T, — Ty
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Analysis Flow

Reconstruction

CDF Run Il Preliminary L = 9.6 fb”!

e Reconstruct J/v with dimuons and ¢ with L Sta Evens
dikaons :
e Data collected with dimuon trigger ‘%zz |
e Offline requirements using multivariate T i P
discrimant with kinematic variables 3]
o R R ¥ %

Final Yield ~ 11K events Iy K'K” Mass [GeV/c?]

4

Complex unbinned likelihood fit

e Mass for signal and background separation

e Transversity angles (since we have pseudo-scalar — 2 vectors)
e Decay time for time evolution
e Flavor tagging: separate B and B

e Look at lepton from B meson from other b quark produced
o Look at K* produced with B meson
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Decay Rate Result

AT = 0.068 + 0.026 (stat) 4 0.007 (syst) ps~*
7s = 1.528 £ 0.019 (stat) & 0.009 (syst) ps

Assumed SM like ¢s ~ 0

Consistent with SM and other experiments

Important constraints on NP models and DO as; result

e Among world’s best result
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Mixing Phase Result

CDF Run Il Preliminary L=9.6 fo

L L L L LB BRI

N 68% CL ]
e 95% CL ]
r e SM expectation’ B
0.4 I Symmetry line 4
F wesms Mixing Induced CP Violation®
0.2 -
'.'8 ]
e p-value=54% =
—
. . -1
* 40% decrease in errors since 5fb < F
analysis [
-0.4F
: " A. Lenz and U. Nierste, arXiv:1102.4274v1 (2011)
-0.6— 221 ,/= (0.087+ 0.021) ps’’
‘\....|.‘.‘l‘.,.l‘.‘.l....\....l
-3 -2 -1 0 1 2 3

62" [rad]

CDF Public Note 10734
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Experimental Status

‘_"_| 0'25_| T T T T I I"I T 1 I‘si UL I T T 1 T I UL T I T 1 T 1 {_
| - ; . CDF9.6fb? ]

0 B . DO8fb™PRD 85 (2012) ]
o - B “ LHCb 1 fb™* unpublished 7
< 0.20 '

" C ! \ATLAS49fblarX|v 1208.0572
~ C ; ]
< 0151 \ L -

0.10 -
0-05__ ‘\‘ —_
’|....|....|....|....|....|....|‘

0
-15 -1.0 -0.5 0.0 0.5 1.0 1.5
*without ATLAS [rad]
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CP Violation in Heavy Flavor

BY — Dt i)~

Using 6.8 fb~!
Phys. Rev. Lett. 108, 201801 (2012)

Walter Hopkins (Cornell University) Flavor Physics at CDF August 13t" 2012 11 / 43



e Light and heavy states, B; and By, with different decay rates
e Mainly CP even — could give insight to ',

e Under certain theoretical assumptions: A?Ei ~ % for BY — P&+ pl)=
o Could yield ATl test
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Analysis Flow

e Displaced Vertex Trigger

o Measure B(B? — DI D)) relative to B(BY — D D™)

e Offline requirements using multivariate discrimant with kinematic and vertex
variables as input

e Use of Dalitz structure for precise efficiency/acceptance estimate

e Perform unbinned max likelihood fit simultaniously to normalization and
signal mode

Final Yield ~ 750 events
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D D7 DF D~

CDF Il Preliminary 6.8 fb" CDF Il Preliminary 6.8 fb"
a0/~ D¢(¢n*) D (¢m) * D F Di(on’) D(K'wn) * D
F s —— Fit projection 800 — —— Fit projection
C\_‘g ;— --- Background l\_‘g 500 :_ --- Background
> e oo, ="
S o0 Bl D," D, S s
=] [8-Dp, "D~ (=
— ™ 200
O =
o F o N
o L o . s
g T DoR*K) Dom) 2 DRk D(K'wr)
[J] i o F T
5 I : : * =[N 5 : =[N
5 } £ B° - D; D~ 5 oo B - Df D~
c oy c I oy
@ 1 * { { | 7718 DD g 7718 D" D
O []8° —»D; "D O []8° —»D; D"
:+ 4 ts ' r “"*“Ljo.,;
[
0 5.0 5.5 0 5.0 5.5
Invariant Mass (GeV/c?) Invariant Mass (GeV/c2?)
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Results

Branching Ratio

Mode Result (stat) (syst) (norm)

B(BY = DFfD;)  (0.49 £ 0.06 & 0.05 & 0.08)%
B(BY = D:*DF)  (1.13+0.12+0.09+0.19)%
B(BY = D:¥D:~)  (1.75+0.19 +0.17 + 0.29)%
B(B® — DD (3.38 4 0.25 +0.30 + 0.56)%

o PDG values for BY BR and f,/f;
e One of world’'s best measurements
o Alg/Ts ~ (6.99 + 0.54 (stat) £ 0.64 (syst) £ 1.20 (norm))%

Phys. Rev. Lett. 108, 201801 (2012)
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CP Violation in Heavy Flavor

Hy, — hth'~

Using 10 fb!
CDF Public Note 10726

Walter Hopkins (Cornell University) Flavor Physics at CDF



Motivation

e Tevatron is in a CP symmetric state: pp
e Same production rate for b and b quarks
e Search for CP violation in decay: Is N(B — F) = N(B — F)?
o Recent unexpected result (BaBar) shows that CP violation in BS — K7~
and Bt — K70 very different

e Relationship between BS — K™7~ and BY — K~ 7" well known, B? could be
a good test

Measurements

Acp = N(B—F)—N( —>§)

B — K*n~
e B 5 K—rt

o N\p — pr—

o Np — pK—
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Analysis Flow

CDF Run Il Preliminary [ dt = 9.30 o'

[ B B K
10°E - d;; ek Ak

[e*s wn
e kK

~-- Multibody B decays
7] Combinatorial bkg

b-hadron decaying to combination
of 7, K, or protons

Candidates per 10 MeV/c2

Data collected with displaced vertex
trigger
Use likelihood fit

e Mass and Momentum

CDF Monte Carlo

e PID: dE/dx, 1.40 separation 82
between K and 7 z:m
Np_r—N;_ 7 «
e Extract Acp = W 0 Ziﬁiii
e Account for detector asymmetries i
using D*-tagged D° — K~ n ™" 28 MM__W
and A = pr7: ~1-2% Dg£°oo s
I J%"’ -
261 ‘
40708 oo o5 1o
Momentum unbalance between h and h’
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Quantity

Result (stat) (syst)

Acp(BY = KTr)
ACP(BS — K_7T+)
ACP(A?, — pﬂ'_)
ACP(A?, — pK_)

—0.083 £ 0.013 £ 0.003
+0.22 +0.07 £ 0.02
+0.07 £ 0.07 £ 0.03
—0.09 £ 0.08 £ 0.04

Compatible with B factories and LHCb

Comparable precision to B factories and LHCb

Confirms 30 from CPV=0 in B? — K*7~ result from LHCb
Acp(B? — K*7~) within 20 of SM

Not enough statistical power to separate A2 SM prediction from NP.

CDF Public Note 10726
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CP Violation in Heavy Flavor

D — hth™

Using 10 fb™!

arxiv:1207.2158
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Motivation

e No large SM higher order diagram contribution, could come from NP

e Theory predictions difficult but would expect little CP violation from SM
e LHCb found CP violation D° — h*h~

e Indicated direct CP violation (in decay and not mixing)
e Need independent confirmation

Acp(hh-) = N(D°—>h+h:)—N(§z—>h+h:)
N(DO— bt h=)+N(D°"— h*h-)
e hth™ =xtn~ or hth™ = KTK~
e Expect opposite sign for 777~ and KT K~
o Difference in asymmetry: AAcp = Acp(D® — KTK™) — Acp(D° — 77 ™)

4
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Analysis Flow

10° CDF Run Il Preliminary
T T T T T
20F DD’ (> nm)m + Do

T
50 (= n'n) mg 4

e New: Measure AAcp, remove detector

. « Data (9.7 o) §
asymmetries — oy

. . . Ddecays‘ -

e Use displaced vertex trigger and offline H Random pions

kinematic and vertex requirements
e Use D* tagged D° decays — know
flavor of D° using soft pion charge
e Looser (than direct measurement)
requirements needed for AAcp —
significant increase in statistics

Candidates per 0.1 MeV/c?

2.02

2.01 2.015

2.00! 2.01
Invariant D°r,-mass [GeV/c?]

e Perform fit to D% mass to get yield 20t

e 550K D*-tagged D° — 7t~
e 1.21M D*-tagged D® — K+K~—
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Results AAcp

e D mesons oscillate = indirect and direct Acp
e Acp can be divided into d_irect and indirect parts
o AAcp = AA% + BLAZS

g I ’ AR, COF
o No CP violation = AAg;, BABAR
50 P-value = 8.04x10° [Illl1 AA 5 Belle
< 2 mm AA G, LHCH
< A, BaBAR
A Belle
o AAcp = (—0.62 +0.21 +0.10)%
e Result is 2.70 from CPV=0 ||||||||||||||||||"||""|||||||"i|
e Within 1o of LHCb central value I
—— 2-dim 68.27% CL -
----- 2-dim 95.45% CL
2-dim 99.73% CL
—e— 1-dim 68.27% CL
L 2%\ 1
) »
Age [%]
arxiv:1207.2158 )
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Results for Separate Acp

Results

Acp(mt7™) = [0.31 + 0.22]%
Acp(KTK™) =[-0.32 £ 0.21]%

CDF Run Il Preliminary

< UBRERRNSNN  JERE
o Used D*-tagged D° — K~ = 0
decays to quantify detector £ i
asymmetries cg 0'5; ]
e Combined AAcp result for new data E‘) I
with separate Acp from previous oF ]
analysis
—0.5:— — 2-dim 68% CL —
i ~1-dim 68% CL |
AL N el ]
11 05 05 1

1
0
Ap(D° = KK) [%]

World's best measurement
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Rare B-meson decays

Rare B-meson decays

Walter Hopkins (Cornell University) Flavor Physics at CDF



Rare B-meson decays

b— syt

using 10 fb~!
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Motivation

==

T
—_ Z —_
b%-%s 5 W

uds —————uds uds ————uds

e b— syt~ can only occur through higher order FCNC diagrams in SM

e Possible enhancements from NP (new charged scalars, squarks, etc)

Measurements
o B(b— sutp~), SM predicts 107° — 10~
e B(b— su*u~) as a function of ¢* = M2,

e Angular Measurements in B — K*put ™

e Arg: muon forward-backward asymmetry
e F;: K™ longitudinal polarization fraction
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Analysis Flow

e Measure non-resonant modes
w.r.t. corresponding resonant
modes (J/v — ptu™)

e Use dimuon trigger

e Optimize selection with
multivariate discriminant

e Measure B, absolute and as a
function of g% = Mim,

e Angular measurements as a
function of ¢°

Walter Hopkins (Cornell University)

Signal and Control

Signal Mode Hadron Decay
BT —» ptu KT -

B - ptpu~ K | K0 - Ktr-
BY — putu¢ ¢ — KTK-
Bt = utu=K*t | K* — Ko™
B — utp K Ks — ™
Ap — = A A — pr—
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Yields

L 5ol Yield: 323+ 24
S 220

[}

2 200 B Ky
180 + Data

5 1600 — Total Fit
o —-Signal

o 140 ---Background

Candidates per 20 MeV/c?

CDF Run Il Preliminary L=9.6fb"

5 5.1

52 53 54 55 56 57

M(1uuK) (GeV/c?)
CDF Run Il Preliminary L=9.6fb™”
Yield: 32+ 8

5 B Ky
+ Data

— Total Fit
—-Signal
---Background

52 53 54 55 5.6 ;
M(up,Ks) (GeVic)

Walter Hopkins (Cornell Universi

Candidates per 20 MeV/c?

Candidates per 20 MeV/c?

N
5]

=)
=3

CDF Run Il Preliminary b

B Ky
+ Data
- — Total Fit
B —-Signal
r i ---Background

52 53 54 '55 56 57

M(upK™) (GeVic?)
CDF Run Il Preliminary L=9.6fb”
Yi 24+6

L B*> K*u*w
+ Data

— Total Fit
—-Signal
---Background

o i
52 53 54 55 56 57
M(uuK ™) (GeV/c?)

Flavor Physics at CDF

Candidates per 20 MeV/c?

Candidates per 20 MeV/c?

Yield: 62+ 9

200

350 B op'w
~+ Data

30F — Total Fit
~-Signal

25 il ---Background

Lottt
5 51 52 53 54 55 56 57
M(up0) (GeV/c®)
CDF Run Il Preliminary 6fb”
35 Yield: 51+ 8
301 Al Aty
Data
L — Total Fit
% —-Signal
-- Background
20|
151
10|
50
TR il
B3 54 55 56 57 58 59

6
M(upA) (GeVic?)
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CDF Run Il Preliminary L=9.6fb"
B— Kp'p

E + Data

E —SM

00°2 46 8101214 16 18

27476 810121416182022
q2 (GeV?Zc?)

CDF Run Il Preliminary L=9.6fb™

- Bloou'w

-+ Data

—SM

G2 (GeV?/c?)

-
N

dB/dq? [107(GeVZ/c?)

e 2 9 o
N Do o

w

- N
cLabivLwO &

dB/dq? [107(GeVZ/c?)]
o

o
- o
O

CDF Run Il I':‘reliminary L=9.6fb™
B— K
~+ Data
—SM

+

0072746 8 10121416 18
q2 (GeV?/c?)
CDF Run Il Preliminary L=9.6fb™
LA AR

+ Data

—SM (B=4:0x107)

--SM (B=1.95x10%) _+_
= REIEN

2747681012146 1820
q2 (GeVZc?)

Green bands are resonance vetos (J/1 and V)
No significant deviation from SM in B — Kt~
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Angular Observables

NP predictions

e Many NP scenarios

Sensitive to NP

For B® — utpu~K* there are many
prediction from several new physics

models 08/ BSM

COSQM — AFB A | |
0 2 4 6 8 10 12 14 16 18 20

COSHK — FL q2 (GeV?ie?)
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b — s~ Angular Results

1CDF Run Il Preliminary L=9.6fb™ . CDF Run Il Preliminary L=9.6fb™
L [ |_|_'I T .
< 08k [ B— Ku*u
. 0.8 # Data
0.6 [
[ ~—SM

0.4;— h 0.6
2] | 47 |
4| A 04l

0 '_T_' ‘I\I_
r B Kutw
-0.2|- W ——
e # Data 0.2 "
-0.41
r —SM 0
p L T - T - T I TS PR T ' PN < ST T
0 2 4 6 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
q? (GeVZc?) o (GeV%c?)

Green bands are resonance vetos (J/t and V)
Consistent with previous measurement
No significant deviation from SM with current statistics
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Bs — p—pt
and
By — pp”

Using 10 fb~!
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+ +

e B, — ptu~ can only occur through b—<—~/\>V\/\/‘—<—“
higher order FCNC diagrams in t L b

Standard Model (SM) s W ! W

—_—— A AV

e Suppressed by the GIM Mechanism
and helicity e Ar e

e SM predicts very low rate with little

br . o
SM background: 7 AN
B(Bs — ptp~)=(3.240.2) x 107° LV L.

B(By — ptp~) = (1.0£0.1) x 1010 " w A . B w
Buras et al. h,H, A

o New Physics models predict
enhancement .

e Clean experimental signature “L//\“"

T
|
E.Gamiz et al. (HPQCD Collaboration), A.J. !
|
I
|
I
|
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Analysis Description

. . .
2 Muons = dimuon trigger CDF 1l Preliminary 9.7 fb .
e Blind ourselves to di-muon signal mass 5 1?v\v‘Hv\[\Hv‘vH\[vHv‘vHV‘HHMHV‘HH‘HHE
H < r ——  CC+CF sideband
region g [ — CC+CF signal MC
. . . . . - . I’
e Optimize selection criteria a priori £
. . L. X 2 10" sideband: M, >5.0GeV/c?
e Multi-variate discriminant using vertex and g
(8]

kinematic variables

e Use mass sidebands to estimate dominant
background in signal region

e Build confidence in background estimates by

employing same methods on control regions 10 oI
) L. ) 0 010203 04 05 06 07 08 09 1
e Unblind and statistically interpret result NN Output
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Results: BY

CC 0.70 <\/N<0,97 097 <\/N<D,957 0.987 <\/N<0995 VN>0,995
i&}? w}v B >u
S |
o gtk g
nnn oo ] L Py o i

CF 070<v, <097 | 097<v, <0987 0.987 <v,,<0.995 vy > 0995

=3
1
T

Candidates per 24 MeV/c?
w =

35\3@&1? 4&\ 4, S
o _'usﬁ. :ﬁ \.\\\\“l“\}\*l*‘l«\}\\\\\\,\\&ls

ol 1 1 1 1
5231 5279 5327 5231 5279 5327 5231 5279 5327 5231 5279 5327

m,, (MeV/c?)

Five mass bins

Five lowest NN bins combined

Light gray: Background estimates, Hashed: Systematic errors on background
Error bars on points: Poisson error on mean

Expected limit: B(BY — putu~)<4.0 x 107° @ 95% C.L.

No excess in B mass region (p-value=41%)

BY limit: B(BY — = )<4.6 x 107° @ 95% C.L. J
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Results: B?

CC 070<v, <097 | 097<v, <0987 0987 <v,,<0.995 vy > 0995
o 107 r
© .
3 Bl-un
[ £ ~F-
= 5 L
<
o e bk | odol
@ I L i ahy 1
o
* CF 070<v <097 | 097 <v, <0987 0.987 < v, < 0.995 vy > 0.995
@ 101 H
o< Background
€ s __}4 >—}—< W .sigral (s L
]
o ftlL L L
ol 1 T L A 5 S S

5322 5370 5418 5322 5370 5418 5322 5370 5418 5322 5370 5418

m,, (MeV/c?)

e Dark gray: Expected SM signal

e Expected limit: B(B? — ptpu=)<1.3 x 1078 @ 95% C.L.

o Excess over background-only in central region (the most sensitive)
e p-value for background only hypothesis: 0.94%
e p-value for SM+background hypothesis: 7.1%

BY limit: B(B? — utp~)<3.1x 1078 @ 95% C.L. |
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B?: Central Values, Bounds and P-Values

CDF Il Preliminary 9.7 fb™
T T T T T T T

z8 '

7 &

_ 6 :

e Includes all systematics s ]

e 90% Bound: a E

2.2 X 10_9 < B(B;J — /1/+M_) < 3.0 X 10_8 3;": 90% Bound ;

o Stable: No large deviation when only using 2; / E

subset of bins L\ S oun ]
G: H\vmuumum L dx10°

0 5 10 15 20 25 30 35 40 45 50

BR(B_— p' 1)
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Current Experimental Status

August 2012

f -1
PLB 693 (2010) 539

CDF 7 fb™

e ——
PRL 107 (2011) 191801

DF 10 fb™

www-cdf.fnal.gov/physics/new/bottom/120209.bmumu10fb/

ATLAS 2.4 fb™

PLB 713 (2012) 387
-1

CMS 4.9 tb

JHEP 04 (2012) 033

LHCb 1 fb™

PRL 108, 231801 (2012)

LHC Combination

Lo CMS-PAS-BPH-12-009
SM Prediction

|(68% qL regi9n) ] 1 L L | ! L

0 20 40
BF(BS—mm')x 10° @ 95% CL
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New results, many with full Run Il data set

CP violation in BY — J/1¢ close to SM

BY — DT D in agreement with SM

Hy, — h™h'~ is good tests of SM

D — h*h~ needs more work to be understood (better predictions)
BY — utp~ and b — sutp~ in agreement with SM

More results with full Run Il statistics coming
CDF Run Il powerful complimentary environment for flavor physics
Results have strongly constrained NP models
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Backup
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More b — su™ ™ Angular Results

Aim and A7 sensitive to right handed currents — NP

1CDF Run Il Preliminary L=9.6fb™ - 3CDF Run Il Preliminary L=9.6fb™
= F . « r -
< 083 B Kprw <'_ L B K
os - Data 2r - Data
o2 | | + iy
o ) ——
02 5
-04;_ -1+
-0.6; _2:_
-0.8 [
_njml‘\lw‘lm‘\H|H|‘H\‘\l\‘l\\|\\\‘\\ _7|H|H\‘H|‘ I i
D 2 4 6 8 10 12 14 16 18 3024681012141618
o (GeV3/c?) o? (GeV?/c?)

Green bands are resonance vetos (J/1 and W)
Consistent with previous measurement
No significant deviation from SM with current statistics

Walter Hopkins (Cornell University) Flavor Physics at CDF



b — s~ Isospin Asymmetry

e LHCb saw asymmetry

CDF Run Il Preliminary L=9.6fb™

= 2
< E +B—>Kpu
1'55 + B Ku'w

1
SRS o
0ol T +

ab
150

[T NN NN R i
2024768 10121416 182022
q2 (GeV?/c?)

No significant deviation from SM with current statistics J
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