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Introduction

€ The b quark is the heaviest quark that produces bound states, like the
Y resonances (bb), B mesons (bg) and B baryons (bqq’, bbqg, bbb), q,9=u,d,sc
= we focus here on B meson physics

€ b quarks are produced in pairs
® at e*e colliders = Y (4S): CUSB, CLEO, BABAR, Belle, Belle IT
= 90 GeV (LEP, SLC): ALEPH, DELPHI, L3, OPAL, SLD
® at hadron colliders = Tevatron: CDF, DO
= LHCb: LHCb, ATLAS, CMS

€ At Y (4S), b quark hadronizes into B* and B9, only with no additional pions
® cross section is 1 nb & need high luminosity get hundreds of 10° B mesons
® excellent laboratory to study B mesons = well-defined initial conditions

€ At LEP, Tevatron and LHC, b quark hadronizes into B*, B%; B9, and b baryons
in fractions of (0.402+0.007):(0.402+0.007):(0.105+0.006):(0.092+0.015)
® cross section increases with /s = at 14 TeV 0205 b

<. ® initial conditions are not well defined, use p; (conserved)




General Remarks

€ The reason why isospin is a good symmetry in QCD is that
My-M «Aqcep=200 MeV =1/r, where r=1 fm

¢.u
W // 'V,d
b p -~ C
m
€ For heavy quarks it was noticed that there is another — = P.V

symmetry of QCD, mg» Aqcp (exact symmetry for mg—o0) p pseudoscalar meson
V: vector meson
€ This symmetry arises because once a quark becomes sufficiently heavy, its
mass becomes irrelevant to the non perturbative dynamics of the light
degrees-of-freedom (DOF) of QCD = framework to calculate b—c transitions.
also the spin of the heavy quark decouples from that of the light DOF

€ In the heavy quark limit, an effective theory (HQET) exists that allows exact
calculations of the 6 form factors in B—PW and B—VW in terms of a
universal function = since m, is finite, corrections need to be included

€ The heavy quark symmetry also justifies the calculation of hadronic decay
properties in inclusive decays in terms of the quark decay properties plus an
expansion in powers of 1/m, (heavy quark expansion)

> for many quantities the 1/m, term vanishes




General Remarks IT

€ Asanexample, lets look at B inclusive semileptonic decay rate

The decay is at short distance = calculable

Hadronization occurs at long distance

=> is non perturbative

At leading order, short distance and
long distance are cleanly separated and the
probability to hadronize is 100%

Thus, the semileptonic decay rate can be approximated by
(A \
dr dr
~ ton model e
d(ps)  d(Lzps) P medeh + 2 Z"L m, J (1)

In this way, decay rate is calculated at ~1% accuracy

Most of the time details of b-quark wave function

£@» are not relevant, only averages matter (k?)

“Fermi motion”

Kt~ Aqep



General Remarks ITT

€ Lets illustrate the effect of the Fermi motion in the decay B—XY

€ The b-quark is confined inside the B meson = the Fermi motion affects the
shape of the photon energy spectrum (m,)
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€ Since the b-quark motion is universal arising from hadronic b-quark
interactions inside the B meson, we expect it to determine the dynamics of
decays like B—Xy and B—=Xév in the same way

£, So for many effects, we need to deal with the motion of the b quark inside
i) the B hadron




General Remarks IV

€ Why is B physics so interesting?

€ B decays have relatively simple decay topologies and a secondary vertex
=>so powerful criteria can be defined to discriminate signal from backgrounds
=> particularly at the Y(4S) with well-defined initial conditions
=> dedicated experiments can fully exploit the physics

€ For most observables predictions in the Standard Model (SM) are rather
precise = deviations would indicate new physics contributions

€ With high statistics samples, measurements are rather precise to test the
SM and check for new physics contributions

€ There are many decays and observables that can be measured = we get a
complete picture which is important for deciding if an effect is real or is a
fluctuation




Outline

€ Study of B*. Meson

€ Rare Decays
® BKete, B—K'¢t¢, B,—~dutu~. and B—=X ¢
® B—tv
® B—utu

€ B-=DChv

€ BOBOmixing

€ CP violation
® Direct CP violation
® Measurement of f3
® Measurement of f,
® Measurement of «

® Measurement of vy
® Unitarity Triangle

<%® Summary and outlook







that consists of 2 decaying quarks thus shortening its

Study of the B, Meson

€ The B, (discovered by CDF in 1998) is only the B meson .

lifetime wrt to that of other B mesons
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€ LHCb observes 414+14 Jpx* events, and 145+14 J/yntntn events (0.8 fb1)
yielding a branching fraction ratio: (e - 1/yx)

€ LHCb observed for the first time the decay to Bt (3 fb!)
measuring the ratio of B, to B, cross sections in the B*
mode:
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Study of the B, Meson

€ LHCb has also measured the B, lifetime
using a sample 2 fb! of J/yXuv events

—— B> Jlyu v, X
1.LHCb Combinatorial bkg.
— - Misid. bkg.
a) ~~~~~ Prompt peak
— - - Fake J/y bkg.
Wrong PV bkg.
Total
n —+— Data

€ Backgrounds:

® J/y+ hadron misidentified as u

® false J/y + correct u

® J/y+ ufrom primary vertex (prompt)
® J/y+ u from different vertices (combma‘ror'lal) L N
® J/y+ ufrom same vertex (B—3u) A

n J||||||| I |||||||| I |||||II\ T TTTIT

Candidates per 0.2 ps

€ The lifetime is extracted from a 2D
unbinned maximum likelihood fit to
the lifetime and the J/yu mass

s

€ Signal T distribution is exponential,
J/yu mass is modeled from simulation

Candidates per 50 MeV/c?
= 2

—_
|

€ Observe 8995+103 signal events 350 4 as s 55 —
M [GeV/CZ]

easure B lifetime: T, =0.5087 =0.0077 ps 3 compared to Ty = £:910=0.011 ps =




Rare Decays

=1



Rare Decays

€ B—Xy & B—X¢*¢ are flavor-changing neutral current (FCNC) processes,
forbidden in SM at tree level -

,+ l 1+
-
G Y, Z _ P ORI
) i '// _ \\. _ o H4£<l w W+
““%g% bt s s bt sd
w
Y

C,%ff (EM penguin) q 7 a : a
Cooff & C1o%ff (V & A parts of weak penguin and box)

€ Effective Hamiltonian factorizes short-distance from long-distance

ts [Olos .
i [ ( )] Heff =4_\/GZJ:EiVTbVTs,dCi(M)M2)

> 4 effective Wilson coefficient: C,eff, Cgeff, Cyeff, C,eff

€ New physics adds new loops with new particles = modifies SM values of
Wilson coefficients and may introduce new terms, e.g. C5 and G,

0

b wcet s b We&i s b dSb s qg

€ Probe here new physics at a o
<z scale of a few TeV S




B—X.y Study

€ The EQXSY transition is dominated by the magnetic dipole
operator O, with C;#ff(SM)%-0.33
= may be enhanced by new physics contributions

€ Inaddition, O; and Og; contribute via mixing

€ It is customary to use the spectator in which Eexsy is

approximated by the quark decay b—sy that is then related
to the inclusive semileptonic decay

BB — Xy) =

r'(B - X _ _
C=XD 56— xev)- LE= 51
I'B— Xev) © I'(b — cev)

€ Here short-distance QCD effects are included (3)

BB — X ev))

€ Normalization to the semileptonic rate removes (m,)?
factor & reduces uncertainties in CKM parameters

€ InNNLLO, the SM prediction yields
BT BE - Xy - (3.15 x 0.23) «10* E >16 GeV




B—X_y Results

€ Experimental challenge is to remove ys from n®
and 1 decays

€ Thus, use 2 approaches
® fully inclusive method with B tag on opposite

side and stringent 7% and 1 vetoes

€ Measured branching fraction (WA)

BB — X_y) - (3.43 +0.21+0. 07) x 107

€ We will see constraints in m,-tan § plane

PBF/(100 MaV/c? in X, Mass) x10°
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B contin expect
B Dbar expccl
nal ax

22 24 25 28 J a2

E' (GeV) Simulation
® sum of exclusive final states, 1 K* (K%) plus 4w (<1 n° ) =38 final states

3.15+023
CLEO[9.11b"] o 3.28%+0.53
Inclusive
Babar[429fb] PS 3124055
Semi-inclusive i G
Babar[347.1fb"'] — 3323%0.35
Inclusive,lep-tag 2
Babar{210fb"] P i
Inclusive, Breco-tag 't
3 C C
Belle[5.8fb] 3.6970.95
Semi-inclusive
Belle[605{b] A
Full-inclusive @ 350X0.44
HFAG2012
(Average) 50— 3.55320.26
PDG2013
(Average) —@— 34010.21
New Belle (710 fb!) —— 3.7410.39
Semi-inclusive
1 1 11 1 1 l 1 1 l 1 1 1 1 l [ s } 1 1 l 1 1
2.5 3 3.5 4 4.5 5




B—K¢t¢ and B—K'¢*¢- Expectations

€ Inaddition to the magnetic dipole operator O, b 6 d
the weak penguin and box diagrams contribute, where
the linear combination of vector currents form Oy and
that of the axial-vector currents form Oy, t t

€ So we encounter 2 new Wilson coefficients Cg2ff(q?) Z
and C,p°ff
Co2ff(q2)-Y(q?)=4.211, C,°ff=-4.103, u r;

Y(q?) increases faster than exponential for q%< 5.76
for q2>5.76 decreases ~ exponentially

€ The decay rate is again normalized to the
semileptonic rate

€ Predictions for 1<q%<6 GeV? and for g%> 14.2 GeV? have
smallest uncertainties

€ SM prediction (for 1<g%6 GeV?2) BEB K1) = (2.60ﬁi:§i) x 107
B(B® > K3'r) = (1.590%) x 107 BB — K1) - (1.75%% ) x 107

-0.35

15



B—K¢t¢- and B—K'¢*¢- Branching Fractions

€ BABAR, Belle, CDF, LHCb and CMS measured
differential branching fractions of B—K¢'¢

& B—K*¢'¢ decays

WA is dominated by LHCb

€ Branching fractions for 1<s<6 GeV?
BB —Kr¢)=(1.25+0.08)x 10”7
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B—K¢*¢- and B—K'¢*¢- Angular Analysus

€ From angular distributions we can measure the -

dArw /d¢*

forward-backward asymmetry Agg (¢* is in same 02
-opposite hemisphere of the B meson) and the 01

Lo .-
.

K* longitudinal polarization 7,

~0.1 il

-0.2 NLO

€ 3 angles determine the decay rate: sl s

® 0.: angle between ¢+ & B momenta

in the ¢t¢- CM frame
® 0, angle between K & B momenta
in K* rest frame

® ¢: angle between 2 decay planes

€ We extract parameters from the

1-dimensional angular distributions
W(cos8, )=2F cos® 6 +2(1- ]—"L)sin2 6, (4)

W(cos8,)=2F sin"6 +3(1- 7 )1+cos’6) (5)
+ AFB COS@(




B—K'¢*¢- Forward-backward Asymmetry

€ In O(1) the lepton forward-backward asymmetry is

dA,(q) : Do pefc
MO{_ Re[Cgff(qz)Clo]V(qz)Al(qz)+ szRe[C;‘fClo]

i ; V(q)T,(q")

m .
1——"}+A1(q2)T1(q2)
m

B

m.
1+ X
m

B

|

V@), A, (@), Tolg?) are form )

factors that increase with g2 ina
monopole or dipole form and are positive

€ A,; has a zero crossing that provides

a powerful signature for searching
for new physics effects

€ In O(ay) the scale dependence is small sy
Al u{g"j
NNLO + QED 0s |
0.15*“""""“"'I‘v-w---v.w././
0.10F -
01 |
dA/df | \‘.

d8 /dg”

0.00

-0.05¢

A
" $0=3.5+0.12;

0.1 "<._ ,

-0.10F (M+M—) -03
_015 7\ PR R T S N SR T N S ST SO SN NN S S T SO AT SO SR AN NN S ST S
2 3 4 5 6 05 L . N ]
) 0 5 10 15 20
¢ (GeV?) 2 (corh
" @ ) Huber, Hurth & Lunghi hep-ph/0712.3009 o




B%K*é-l_é' R@SUITS fOr' AFB and fL

€ BABAR, Belle, CDF, LHCb, CMS & ATLAS measured Az & F in 6 bins of g°

om 1llllIIIIIIllllllllll!llllllll-l lllllll T |

o — | \ | . - L L B B ML L
<08 CeCM Lo b ity s ; | Ernemnary 3
= ' ' ] 0.6 N | =
0.2F m ' L ‘ ‘ § 0.4 + . . =
0 b o = + 5 ! -
-0.2F L o E OF i ; G
04E il & mgamar T .0.20 = e > g =
0.6 l [P B :—, i:. C Ll ?’l:‘?‘wor'ld.a:/erage—: _04:—,?.Vﬂgfﬁ.’?v|er.a.9?| L] .::-?::. Lo .E..}l: P —.;

0 2 4 6 8 10 12 14 16 18 024 T8 T8 1012 14 16 18
s [GeV?/cY] s [GeVZ/c?]

€ Inthe low g% region, the A-; and F, averages over all measurements yield

WA(K t0)=-0074"""  and ]: 0.523" " WA is dominated by LHCb

0,048 _0.044

€ This is in good agreement with the SM prediction
— _0.04940-0281 (K*o[, ) nd ~7_~s~\ 0.735-% (K*OKW')

B -0.0252 -0.07
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B—K"¢*¢- Angular Observables

€ The full angular distribution for B—K"¢*¢ is given by

1 d*r 9 [3

1
= “(1-F)sin0 +F cos’0_+—(1-F )sin®6_sin20
dI‘/dqzdcosf)gdcosE)Kd(pdq2 32n 4( L) KL K 4( L) K /

2 « 2 : 2
- F cos® 6, cos20 + S, sin" 6 sin® 6 cos2¢

+5,sin20 sin26, cos¢ + S,_sin2f sin® cos¢ (7)
+5,sin°6 cos® +S_sin26 sin6, sin¢

+ S, sin ZBK sin20 sin¢ + S, sin’ 6, sin? 6, sin 2¢]

€ Define new observables in 6 bins of g2 2 0

P _ s4,5,7,8 g:j + —4— Data :
e R (r-F) o g h
-0.2}- —+—

€ At low g2, observables are free from -M/

form factor uncertainties .

-0.8
& LHCb explored individual S,/P" distributions .~ ¢ "¢ "% e
«55> P'5 shows a deviation from the SM in bin 3




Measurement of B—K"¢*¢- Angular Observables

€ Ofther distributions
agree with the SM R — R ——

Q ] o
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B—K¢t¢- and B—K'¢*¢- Lepton Flavor Ratio

€ Since B—=K®Me*e and B%K(*)M‘“M' may —~—LHCb -—=—BaBar ——Belle
receive different contributions from F THCH |
new physics, it is interesting to look o 1
at the lepton flavor ratios j: :
I
oK) - i SM 1
(*)EB(B K*”“) g% 2 (2*m, )2 — ;
" BB —KMe'e") b 0.5F R L(BT = KTt pum) -
: KT T(Bt= Ktete) !
€ LHCb has measured Ry below the J/vy S v R
resonance q* [GeV?/ct]
€ BABAR measured both Ryand Ry. below mﬂg%& | B
and above the J/vy resonance 185 . I E
1.4F 1 =
€ BABAR Ry results are consistent and 12¢ . E
agree with the SM prediction o8- L | i i 3
0.6 & 555% =
: : : 0.4F . 3
€ The LHCb Ry result is consistent with the  ¢3E . B B

SM within 20 2468 10 12 14 16 18 20 22
s [GeVZ/c?]




+ —
B.—¢utu” Study
€ Replacing the spectator d quark with and s quark yields B,—¢u*u

€ LHCb has observed B.—~¢u*u™ measuring differential branching fractions and
angular observables in 6 bins of g2

€ All results agree with the SM prediction

€ The total branching fractionis  B(B, — ow'w) = (7.07:% £ 0.17 = 0.71) x 107

-0.56
< . T " T T d LLT] 15_ .................. . o 1_ .................. .
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2 | ] b~ — 1 X 3
:10'_ h [ ] [ ]
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B—X_ ¢

€ Reconstruct 20 exclusive final states with K (K0s—n*n), <2m* &B8° — Kow'w

<179(—yy) for branching fraction and 14 self-‘ragging modes (r'edB )
for CP asymmetry measurements -

€ The 20 exclusive modes represents
70% of the inclusive rate with
mys < 1.8 GeV accounting for K9
modes, K%,—n%° and =° Dalitz decays

Signal
tag Z decay

o é

Knﬂ

KTT1TTT

€ Extrapolate for the missing modes
and those with my, > 1.8 GeV using JETSET fragmentation

and theory predictions

€ Kinematic constraints
® m:->5.225 GeV
® -0.1<AE<0.05 for X, ee
® -0.05<AE<0.05 for X, uu

Use no tag for B

\_ : oy

Kinematics of fully reconstructed B

& 120
-

“ewoe T 1 |
%0 | .
50— m -1
o ES :
20 |

R e B R
10 . d H H

7s [ ) - . T B
wiMC. .
25 [ .-

R

Mes = Epuun = P

AE = E' -E,

beam

+, + -

wu
B° = Kle'e
B"— K'e'e
B° — K*(Km® )u'w
BT — K (Kn°)uu
B — K™ (Kim" )u'u
B° — K°(K'mw Ju'u
B° — K®(Kn°)e'e
B* — K" (Kn°)e'e
BT — K™ (/(gyr+)e+e‘
B° — K°(K'n )ete
BO—>KOEUfﬂfM

B — K'a auu

B" — KEJI*JI‘M*M_

B° — K'm*muu

B° — KOJT+JT0€+6

B — /<+7t+7toe+e

B — /(gn*n e'e

B° - K'n*nmete



B—X_ ¢

€ For 1<q?<6 GeV? BABAR measures

- +0.82+0. - ‘\/'-:- 27
B(B — X u'u) =(0.6675%5% +007)x10¢ & 2|
B(B—~X,e'e )= (1933734 =018)x10° 3 "o
B(B— X _'0") = (160947 + 018)x10°¢ = -
Phys.Rev.Lett. 112, 211802 (2014) ©0.5F
€ Agrees well with the SM prediction g o | ou.
B(B— X uw'u)=(159=0.11)x 10" 2 > 10 15 20

? (GeV/c?)

B(B— X e'e”)=(164=0.11)x10°

€ For g%>14.2 GeV? BABAR measures

IIIIIIIIII

6
_ o
B(B — X u'u) =(0.60"%1°% . 000)x10° 4 +TT + % %
B(B—X,e'e)=(05652552000)x10° & o~ hF
B(B—X,1')=(057 3% =000)x10°] 2o !
0.4

06 08 1 12 14 16 18
m,. (GeV/c?)
25

€ Consistent with SM prediction at ~lo
’»B(B — XSM+M_) =(0.25997 ) x10°®

-0.06

dB/dm,_(10°/[GeV/c?))




Leptonic Decays

€ Pure leptonic decays are mediated by b w e,u,t
W annihilation B _  — — _<
Vv

e’vu’vr
€ The relevant ME here is <0 I B> (8)
€ The vector current vanishes while the axial vector currents yields
_ g fg: B decay constant
<O‘uyuy5b‘B> - 'pru (9) pE: B momentum

€ With this relation of the hadronic ME to the decay constant we can express
the branching fraction by

2
2

M
2

me (10)

r+ y helicity suppression / " phase space

: => <= : L=0, since B is pseudoscalar

: . B =10x10™" /=
€ Inthe SM, the branching fractions  “sm 0 for (=e
___are predicted to be B, =35x107 for (=p

B, =1.1x10* for (=1

. . 6.\, P, 2
B(B* — /v = S—n‘v”b‘ f2x mm

B B 7/

26



Measurement of B*—t*v

€ New Physics may enhance the branching fraction by a factor of

2 , \2 my: charged Higgs mass
N PR tan® B (11) tan B: ratio of vacuum expectation values
: L m’ 1+ 0.01 x tan BJ for the 2 higgs doublets

€ BABAR and Belle have observed B*—t*v and measured its branching fraction

€ With reconstructing the other B meson fully in an exclusive final state, no
additional particles should appear in the decay besides the t decay products
€ So BABAR and Belle examine the extra energy measured in the calorimeter
€ BABAR observes 89+44 signal events . :zz
€ Belle sees 62*23 ,, events % 80,
€ The branching fractions measurements yield % :Z
's:‘n,? B(B — w) = (1.76 + 0.49) x 10~ “ 20 |

Ee==Snner—————2=
D _ +0.27+0.11 -4 0 0.2 04 06 08 1 1.2
= BB — w) = (0°72-o.25-o.11) x 10 EecL (GeV)
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Implications of B*—t*v Measurements

€ B*—t'vis auseful probe to search for new physics contributions

€ Extra contributions may arise from a charged Higgs boson increasing
B(B*’%T*-'V)SM by Py

Iy s my* .

800 -

' --..-~-"~-D.a_':k_.ma”e;'s

k! f ....... .‘j, ------
600 Aa, ~ e

1 ‘\

l)o.o 0.1 02 0.3 0.4 400 B":i' ......

tan f/my, W/ Cteaa..
€ Using the present WA of 200 5%
B(B*—1*v)=(1.15+0.23)x104, we can . . — foymtrr

set a limit on the H* mass vs tanp o . |

0 10 20 30 ‘40 'so 60

B(B*eﬂc v) plus other measurements - tan 5 |
s mpose stringent constraints on the Ht -tanp plane S

’\5J_V- - \ - - =y
‘L".‘ A e ,‘E{é' M‘- o




Study of B—u'u- Decay

b

€ The B%; and BY, mesons can also decay to u*u-, ) 2 ¢
which proceeds via a weak penguin or box diagram  ° © t W/,f‘ ,
€ In the Standard Model, the branching fractions ds
are predicted to be 5 w "
B(B® - u'w) = (3.25+0.17) x 10° B0, ‘ L .
[ — (
B(B?j — p'p’) = (0.107 £ 0.010) x 10 ds W
€ LHCb found the first evidence for B, —u'uw ¢ 16— . =
at the 4.00 level yielding z 14 LHCb
5 12f BDT>0.7
B(B? — u'w’) = (2.9j:;(stat)jng(sy8)) x 107 = 10?- 3 fo! -
s sp ;
€ CMS has confirmed the LHCb result at 4.3c £ ¢ E
4. E
s - (o]0 s 1
O‘ T YL ) L - ll n - .
€ The measured branching fractions agree m. M/

well with the SM prediction WA BE° — ) - (2.9 . 0.7) <10 [




Implications of B—u*u- Measurements

€ For B9, LHCb has derived the lowest g
branching fraction upper limit -

B(Bg - un)<7.4x10"° @ 95% CL

€ The LHCb B(BY, —u*u) and B(B%; —u*u’)
measurements are shown in comparison to
predictions of ST T T
® The Standard Model
® Minimum Flavor Violation Model 20
® 4 SUSY models |
=> Only left-handed currents (LL)
=>» Agashe and Carone (AC)
=» Ross, Velasco-Sevilla, Vives (RVV2)
<> Antusch, King, Malinsky (AKM)

CL

10

vvvvvvvvvvvvvvvvvv

adapted from
arXiv:1012.3893

—_
ot

._<
o

€ The B(B%, —u'u’) measurements
place strong constraints on the

parameter space of New Physics 00 L

T 0 RSc 10 20 30 10 50
e ‘\” %\: MOdeIS 10° x BR(B; — ptu™) 30

10° x BR(Bg — putp™)

MSSM-AC
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¢P Violation In

the B System




CP Violation

€ Particle physics use many internal symmetries, e.g. C,P, T X— =X
Ief1' . AE@L
€ P parity transforms: ~
left-handed state €-> right-handed state 4”) 4 ,.,ght
€ C C-parity transforms A
particle €= antiparticle &
€ T time reversal transforms: N w
forward moving time €= backward moving time - oA
€ CP: transforms: RN e
left-handed particle particle €= right-handed antiparticle v

€ C(Pis conserved in strong and elec’rr'omagnehc E
interactions '

€ (CPis violated in weak processes




CP Violation in the B System

€ States produced in strong and electromagnetic interactions are the flavor
eigenstates, e.g. |B% & |B%

€ However, they decay weakly as |B9,> and |B® > that can be expressed as
linear combinations of the flavor eigenstates:

B?)- p|8S)+q|BY)
Bz> -p B:>—q §2> with

€ Since individual decay channels have small branching fractions O(10-3) that
contribute with alternating signs, both states have the same lifetime: I',=I',=I'

2 2

-1 (22)

+

g + P

|BO, > is the heavier state, |BO> is the lighter state
Their mass difference AM=M,-M, represents the Bod-ﬁd oscillation frequency
The ratio q/p represents a phase factor for the mixing; in the SM |q/p|=1

The 2-particle system is described by a Schrodinger equation with mass
il Jmatrix M and decay matrix T' 33




B Decay Rate and A

€ We want to look at decays of |B% & |E°> into CP eigenstates f ; as a function
of time

€ Thus, we define the amplitudes A(t) H H

B°(+)) and A(#) = (f,,

B°(1))
(23)

(£
€ The figure of merit for CPviolation is

where 1 denotes the CP eigenvalue of A= pA (24)
the CPeigenstate

€ The time-dependent decay rates are

r B (1) Fol=|d rtl x| | s 10 | (AM?) A sin(AM?)
_ —> = exp - X|——— —— CO0S - 3mA sin
B:hys(f) i P{ } 2 - 2 =

€ We define the time-dependent CPasymmetry (25)

RO —> - L —>
A (1) = F(f”””(f) fo) =T (B, = 1) (26)

=" r(B (1) =f,)+I (B (1)~F,)

phys
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Time-dependent CP Asymmetry

€ For the B° RO system, we obtain A

2) cos (AM'I') + 23mA sin (AMf)

(1 . 2) (27)

€ The first term represents direct CP violation; the second term results from
the interference of decays with and without B° B® mixing

_ (1 _
4(:/’ (T) -

A

€ Ifinaddition, |A/A|=1=>|)\|=1and the CPasymmetry reduces to
A (1) = +3mA sin(AMf) (28)

€ Note that A is directly related to CKM matrix elements

€ ATt the Y(4S), a BOBO pair is produced that is entangled until one B decays
- however, the equations (27) and (28) still hold if t is replaced with t¢cp-1;q,
where t; is the decay time of one B meson into the CP eigenstate and
tiq9 IS the decay time of the other B into a state that identifies the B flavor

& Since B mesons produced at the Y(4S) are nearly at rest (pg#340 MeV),
«absthe Y(4S) system needs to be boosted = at PEP IT boost is py=0.56 35




Direct ¢CP Violation in B9—=K*x

€ We observe a huge decay asymmetry between BO—K*n- & BO—K-

€ The world average is A4,(B’ — K'x~) =-0.82+0.006

= 4 ~ 386x106 BB events
= 467x106 BB events EO RBY
% = s00- o4 - 0, 700 4 700
s LHCb G'SO = x 4 BO—K+m- = 600 K = 600
= . o — 3 =
observes =" [N\ ok & 500
. 2 2 L5 A 2 400
|C(I"9€ CPin § 200} /i Ti%,_ 1 200
BOS — KT = 1000 i g 200
Decays oS A N
0.1 0 0-1 I TS S 3 S T
AE (GeV) M, (GeVic?) M, (GeVic?)
A, (B] = K*7~)=0.27 +0.04 + 0.01 A, (B* — K*n®) = 0.040 + 0.021

This effect is not seen in charged B decays A, (B' —>K’z')=-0.015x0.019 =



CP Violation caused by Interference of Decays with and
without B°BY Mixing

Process CP conjugated process
t=0 t=0
0 0
Bw,\,elé Bw})ﬁ,eia
= =
s |2 f _ip |E. f
SRR 2 i =G 2 P
660 = . 660 .
EO Afcp ~ e" EO Afcp ~ e"
= Decay rate = CP-conjugated decay rate

=> CP Violation is caused by

the interference between
mixing & decay

€ Typically, we need to measure the time
dependence of the CP asymmetry as the
©§ time-integrated asymmetry vanishes

==



Illustration of time-dependent CP Violation

€ Lets look at the time dependence of the B? and B° decay rates and the ¢P

asymmetry
['po(At) 607
FBO (At) -¢ =0
I' (At)-T (At
A4 (a1 T (A1) =T, (A1)

© T, (A) + T (A1)

A (At) = S-sinAm- At — C - cos Am - At ?
cP l
Mixing-induced CP Direct CPV




Unitarity Conditions of the CKM Matrix

In the Standard Model, the CKM matrix produces CP violation

The unitarity conditions of the CKM matrix yields 6 triangular relations

I*
Physics-wise most interesting is the relation
y = = 9* (Vud Vus Vub\
VistVeaVeptVigVep = O (29) Vi Voo Vb
\th Vis Vo ,

1 -sinf, 1

The graphical representation of this relation fi
yields the so-called Unitarity Triangle

All 6 triangles have the same area
Acx J = ,\Ym( ViJ-Vk,V*i,V*kJ-) =0 .
for any izk and j#| | VuaVubl,
(Jarlskog determinant )
J=(3.01+0.19)x10-°

39



The Unitarity Triangle

€ B factories measure 4 CKM elements & 3 phases

=» overconstrains unitarity triangle
=> test of Standard Model

ACP(B — P+P_, piﬂi,ﬂ,ﬁn_)

BB—XJlv)
pEml) (. 7) Amg, Am,

vud V*ub
Vcd V*c

L4

VoV
vcd V*cb

A, (B — J/yK3)
A_ (B — ¢K)

B(B—X_Iv)
B(B—D*Iv)

(0,0)

B(B* — [D°, D°IK*)




Measurement of sin2pB in (cc)K® Modes

€ We need to measure 3 quantities to determine e Vb Cpi
the CPasymmetry in BO—J/yKk° = e C
B V*cs S KOS
€ 7Im A=-sin2p u- d d
J/y vt 1.EBxAcAlusive
eson
Brec 4 Reconstruction
Y (4S) 0 :
K. =
— +
e e =S
ot Biag ,\/\A""{' = = ’; Tagging quality
L. o 35 Q=31.2:0.3%,
ey . Az \ K" e=(74.37+0.1)%
. 3 =

3. Measure At
At ®Az/<By> ¢ 2. B-Flavor Tagging
0,,=180 um -




sinZp Measurements

e 15481 Tagged even‘rs (465 M BB) sm(ZB) = s1n(2¢1) m

PRELIMINARY

2 b _ @ @ - BaBar , I 0.69 £ 0.03  0.01
< 400 -R© AR ] PRD 79 (2009) 072009 :
= ] BaBar P . 0.69+0.52+0.04+0.07
.. -5 N PRD 80 %0093 112001 —
5200 ] BaBar J/y (hadronic) K. 1,56 +0.42 +0.21
é’ B 5 N PRD 69 (2054):052001) S :
e pa® 2, s o Belle : : : 0.67 +0.02 + 0.01
% 04 ) PRL 108 (2012) 171802 ! N
E E - ALEPH : o L . 0.847952+0.16
g 0-2; - [ — PLB 492, 259 (2000) : = !
o pES T\- - OPAL § : L 3.20 340+ 0.50,
S sl = EPJ C5, 379 (1998) : b *
= Wz = CDF : 5 : 0.79 044
045 = PRD 61, 072005 (2000) i ‘" [* '
g e e A S = T = LHCb E : E 0.73 +0.07 + 0.04
g HOE Eo 43 © 4 PLB 721 (2013} 24 T
<t = ZEIR"S - - : :
o v - Belle5S : : : 0.57 +0.58 + 0.06
S % e PRL 108 (2012) 171801 ™ *
P E BO S N ] Average | : : 0.68 + 0.02
F 0k PN E i N N I e
B B e b : . 2 1 0 1 2 3
Foar @
=] JrH
“ 0 : E - : 4 .
= 1 - € sin 2B world average is 0.68+0.02
o UL e o= fo)
o = 4 4 5 —( +0.8 )
04 . . —] 9 ﬁ— 21.5 _07
5 5
’ At (ps)

: € Cosine term is consistent with zero
sin 28=0.687+0.028+0.012 0.005+0 017

C=0.024+0.020+0.016




Measurement of sin2pin B—¢K?

€ In the Standard Model, CP violating asymmetries
from B—J/yKP & B—¢K® modes yield the same
value of “sin 2B”

observed 381+23 ¢K0. & (151+22 gbKOL even’rs)

so

60F

Events/ 1.6 p

€ Using 535x10° BB events, Belle observed B
307+21 ¢pKOs & 114+17 ¢KO, events i

20F

0_

€ The CPasymmetry measurements from
BABAR & Belle yield:

B f .
S =-+074°" C -0.01:0.14 = osf e
oK° -0.13 KO Z :
. . . 3 0_ I ——
€ This agrees well with the SM prediction : —— 1 1
-0.5— N _:

e Another related mode is B—n’ KPyielding — 5 3
w =¥0.59x0.07 C  =-0.05zx0.05 A, (AT)— S-sinAm- At - C - cos Am - At

At (ps)
43




Comparison of sin2f in Penguin-Dominated Modes
€ For the penguin-dominated (2B )_ ¢1 )E

rare hadronic decays BABAR o
and Belle yield consistent DS By o s L
% Bele f — 0.90 *p

r'eSUITS = Average : *f ! 0.74 T|E|:1G:
o T BaBar "¢ TS T H{ 7 05710.08£0.02°

x ?elle : : P ©  0.68+0.07+0.03

= verage : o ; 0.63 + 0.06
in-dominated | X BEBAr T P Mt gy 02 06

€ For most penguin- ominated S Bele L ! 0.30+0.32+0.08
e T SR SN e sy B Y o Average: i = ,0.72£0.19 |
rare hadronic decays, the g X BaBar : T UBGE0.20 £ 0.03
S Belle : —p+——  0.67 £0.31 £+ 0.08
measured value of sin2peff BN R[5 S e g R - gees GO £ 0
X ‘ ' R 1
agrees with the sin2p > Avarage. o 964 om0
Id btained e ‘gélEl;a'r""g """"""""""" - T OIsE Y02 GG
ele ; 44+ 0.91+0.32+0.05
wor ~x GVZI"GQC Y 1'Clln€ rom s gy%rgg_e__} _____________________ S - - 0.71+0.21
2 - Babar s - Vv
E=ccitmodes < oole i oma
[T E'a‘Bé'r""; """""""""" A AU F0.06 £0.107
A verage : ——k 0.48 + 0.53
P BaBar T e e L 020 F VB2 007 £0.07
S Average ; - — f . 0.20 + 0.53
[T BB g {72 E07TE0.08
R0 Ayerage—-y { 0.72 + 0,71
TRe X BaBar T TR s { T U.@?"_"ﬁ*"'
Z ¢ Average: : i 0.97 0%
TS T BABAr T S gy OO E VST L 0,05 £ 0.0
= o Average' + : 0.01 +0.33
""f """" gaﬁiar ST r1f "".'""0.'65'£012’+003"
k v Bele : - 0.76 *
1. Average; H . n I 0.68 101'18

-2 -1 0 1 2



CP Violation in the B, System

€ The phase difference between the B, mixing amplitude and b—ccs decay

ampli’rude of Bs meson is ¢5:2/35, where . gpsHCD 10 fo*+ CDF 96fb '+ DO 8fb~ +ATLAS 49fb~
in SM . : o T F S o e
ﬁs - arg(_(vfsvfb)/(vcsvcb)) ~1 (35) é o :_ PO _:
Al ; - w  F 68% CL contours ]
€ This is defined in analogy to § for S . (AlogL =1.15) ]
B, decays Josp | LHco :
0.10 e ‘---::,‘lgombined -
€ CDF,DO,CMS ATLAS and LHCb have : ;' ’ :
I 0.05 \CDF ‘sM ]
measured S.using the decay B, —=J/y¢ x oM ATas;

LHCb added B, —=J/ya*n modes
Perform a 2-D fit in the B,-AI, plane w & w/0 other constraints

Present world averageis ¢, - 28, - (0.00+0.07) rad

At ICHEP 2014, LHCb showed updated result with 3 fb-lof B, —J/yn*x data
R ogverage ¢, = (0.07 = 0.055) rad

‘@ "LHCb also measured ¢, in B; —¢¢ (3 fb™!) yielding 4. = (-0-17+0.1520.03) rad _

G



Study of the B, Meson

€ ATLAs performed a time-dependent full angular analysis of B, —=J/y¢ (26
parameter ML fit) to extract amplitudes, strong phases, I',, AI', and ¢,

¢ =(0.22+0.41+0.10) rad e & T T T I g T T T
s é 2000F=TTTT T ' I 10 —— Total Fit -
- —— Data q 4 E = === Total Signal E
-1 1800— ATEAS i = E ~-"B, Signal E
AT = (0.053 +0.021 + 0.010) ps R ooo. Ly i E e ]
S ~ 1600— - 0 - 2 = — = Total Background B
2] F e By JiyK” Backgraund 5 Prompt Jl\s Background
| 8 £ ER T I i
I‘s = (0.67 7 +0.007 = 0.004) pPs 51400: 1w g ATLAS E
1200 - C f5=7Tev ]
- ] = ILdt: a9’ .
1000— -
£ 3] 102 =
€ This agrees with results from . ERN:
CMS and LHCb and the SM 400 0e E
redictions - : :
predicTio . .,
N g :
‘_l—| ITTTTNTTTT‘TTTT{TTTT‘TTTTNTTTTI :i (1 'g (}
‘D .14} 5, constrained to 2.95 + 0.39 rad  — 68% C.L. 4 T2 s
o [ AL constrained to >0 --:90% C.L. ] 3 . , . | . . . | . 3
® L ... 95% C.L. - 515 52 525 53 535 54 545 55 555 56 56 -4 5 5 i 5 s S
E 0.12 ATLAS -& Standard Model | B; Mass [GeV] B, Pro
- per Decay Time [ps]
L Vs=7TeV ATlg= 2|F12|CO$(¢S)«
L [Ldt=4.9fb" 4
O'1kf - — LA ILRLEL LR N DAL DL L DL B I — L L L L L I IR A L B L L L L L L L
L i S 4000 —— éTL/(\jSS_Datal ATLAS 1 B 4000F —— ATLAS Data ATLAS 1 S 4000f —— ATLAS Data ATLAS 3
L B P [ === Fitted Signa fs=7Tev. 15 [ ==== Fitted Signal {s=7Tev - E ===« Fitted Signal fs=7Tev
0.08 - ] = 3500 p— Fitted Background IL di=291b" E g 3500 ....... Fitted Background I L dsi - 4_99]5‘ % 3500 ....... Fitted Background JL ; = 4_9815‘
- 4 LT>_,) 3000 TomlFit 1 £ F —— Total Fit i ¢ F —— Total Fit ]
L J = 4 = 3000 -4 W 3000 3
0.06 i - E 1 2 F E E .
- q 1 25001 o 2500f 2500k
L N 1 F u F F
0.04 ; - 2000¢ E 2000} 2000} .
r k 1500*. 1 1s00 1500F- :
- — E e gt astass e seeeanennsanamasaner gt F P P, S
0.02r - ] 1000F T ] 1000, 1000F T g 3
B : i 5001 = o Aanas! E E
B e P ey g 5317 GeV <MB,) < 5417 GeV 1 500 5317 GeV < M(B_) < 5.417 GeV E 500 5317 GeV < MB_) <5417 GeV
151 05 0 05 115 0y D a6 0402 0 02040608 O b R TTIOTRNSTI S OIO:
Jpo d T TR AT e -3 -2 -1 0 1 2 3 -1 -0.8-06-04-02 0 02040608 1
q)s [ra ] COS(WT) R [rad] 003(46



Measurement of sin2a

€ Interference of b—uud decay wdw/o RORO mixing yields angle «

tree penguin BO BO mixing
V: d - b d - 7 v
y ud, - T T th d
™y u —0 #,C,t Lw\g\ i Ob t d_o
EO é - u_ + B <u a8 B t B
d all d T d b
td th

€ Thus we need to measure At-dependent CP asymmetries of
b— uud processes, such as B—mum,pm,pp, ...

. . . 1394+54 events

€ However, penguin pollution complicates e e
extraction of o =» measure sin 2o, .. = 250F B—+at- t
%2002— =

€ Since |\|#1, (P asymmetry has form 2150
5100;— —

A (At)=-C cosAm At +S sinAm At e, -
19,4 1414 d T d Ot — g
5.27 5275 528 5285 5.29

. m ¢ (GeV/c?)

S _=23mA = sin2a (36)
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The Gronau-London Method

€ S5, measures Za,. = Za+Aa, where Aa can be determined using the Gronau-
London method

€ The decays B— n* 7, n*n’, i7" are related by SU(2)
=> Have isospin relations between amplitudes A, , A.;, Ago

€ Central observation is that n t states can have I=2 or O, while gluonic
penguins only contribute to I = O (Al = "% rule)
= 77’ is pure I = 2, so only tree amplitude — [A+0| = |A-O|

B—unr isospin analysis

€ Need to measure:
C... Cyo (amplitudes in Cos terms for
- & 70n0), & Agg, A.g

> Effective isospin analysis requires
Aoy & Ay, very large, or very small!
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Measurement of sinl2a in B—nr

—
[=)]
[l

7 w o
BeLLE Cor T T Scp Vs Cep &

PRELIMINARY

H
=
S

T T T T T
0 ’ """ BaBar'i"—

77  Belle :
LHCD

Events / ps
5

100;

[\S JF =)\ S}
(== )

160
140F
120F
100

—
(=}
o

Events / ps

0
o=

[ \® B S
o O O
-

[
TTT

Asymmetn
S O OO
t~|: o ®
+
JT TT

L L i
-0.4 -0.2 0

o

1 1
-0.8 -0.6

" asymmetry

2 SCF’
Contours give -2A(In L) = Ax" = 1, corresponding to 60.7% CL for 2 dof

=] SO Q¢
N O
UL AN LR AR AR

At (ps) LHCb

- -0.68 + 0.10 + 0.03 S =-0.64+0.08+0.03 S =-0.71:0.13:0.02
= -0.25+0.08 + 0.02 C_=-0.33:0.06+0.03 C =-0.31+0.15+0.02




Summary of o Measurements

€ Summary on a measurements

€ From combined i,

07, pp results NeVM --- nn/pp/pn (BABAR)
constrain o to: FPCP 13 --- nn/pp/pn (Belle) o= CKM fit
e 3 =n/pp/pr (WA)
[85 4 -3 9] 1-0 | B I | l L B B | l | B I | l | B I | l E.l | l L B | l | B I | l | B I | l L | r' i
€ Best constraints adly ! \-
e = g osl- il 2
T L i | ; N
€ Mirror solutions f_ 04 L 7 A
are disfavored : b
L= 0.2 '
€ CKM indirect
constraint yields: 0.0 -
0 20 40 60 80 100 120 140 160 180
= [94.9**2]° a (deg)

-6.8

: Very good agreement 50




Measurement of Angle vy

€ The angle y is measurable via interference between B-—DYK" &
B-—DPK" decays, where the D /D decay to common final state

Ve A<V, V0| ® A% p? +n’ ¢ikB-1)
W — S |14

b c ub
B_O Vcb

b
D o
U U
AoV, V. | <)’
€ Use 3 different methods:

—()0
o _lA® =D K)

> "la@ —~b™K)
~0.1-0.3

Size of the CP asymmetry

® Gronau-London-Wyler (GLW 1991) & error on y depends on r),
Use B — D) K~ decays J—
: . o(y)['],.
® Atwood-Dunietz-Soni (ADS 2001) T o
Use B - D™ (K'7")K decays )
® Giri, Grossman, Soffer Zupan (66SZ)
DO Dalitz plot analysis
Use B - D°(Kn 7 )K™ decays DAt 102 Iy




Dalitz Plot in B-—D° (K% m*n™) K-

€ Decay model of Kt : coherent sum of 10 Breit-Wigner amplitudes:
7 distinct resonances K*(892), K*,(1430), K*,(1430), K*(1680) (4 Cabibbo-

allowed and 3 DCS), p(770), o(782), f,(1270) (CP-ES) plus 1 non-resonant
term (mx S-Wave)

Decay Model S ; Measurements

42‘ | R30000- % K*(892) :§3_ :53:
e i 3 | B
v K | S | S |
& = \ Y o 2
¥ g | 1 ET T

3 )\ 1

§10000— )‘1 7 i

I1T] ’jg r

0 T

2 (GeV¥c?
m? (GeV%/c?) m?2 (GeV?/c") O {98YC)
:.Q 6000_b) K*012(143Or)§;§ _:.Q 6000_% p/(D f2 C) | ‘;:3_' {;
gziooo—l(* | \ ; % _g Vo 2T 2
g r ‘, ‘ % 8 4000 T V A f‘i B NE+ 2_ NE.
AR AN Il A
bV NS e N
1] ] 1
* I
| ,\T!‘ ﬁk [ | \JI | i :
=7 9 3 YTy T 1 13 2

m2 (GeV¥/c?) m2 (GeV¥/c*) m2 (GeV%c?) m2 (GeV%c%) 52



Measurement of Angle y in B-——D° (KO a*n™) K
€ From the B- —=D()OK- & corresponding decays BABAR extracts y, ryand &,

-d ) -
A 1529 1
- ||. -
ogf [| 0.8
| |
' | .
o8 | | 0.6 :
0‘ d
i\ :
[ A | ] 04 \i
04 | . 1o o/ \ \i
7} ; 1 ‘A : | \1\ /] \
0o2f /L : 0.2 \ /; i\ ]
20 / "'\ N 2| 2"/ \-\.. / \\1
e ) J 0=
100 150 % o1 02z 03 04 05 74150 100 -50 0 50 .
O, '3, (deg)

7 (deg)

€ We get 2-fold ambiguity: (v,0(*)g) — (y+m,0(*)g+m)

r,=0.085+0.035+0.010+0.011 r =0.135+0.051+0.011+0.005
O = (63 0erar £5e £ 4ois)°

31stat x sys 30stat £ sys

6B = (109+28 4 = 7Dalifz )°

Y= (76 22 stat “5 sys +5Dali1'z model)o

13- sys

y=(767; 4 + Dtz model)o
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Summary of y Measurements

€ Combining all 3 methods
for B- — DUOKO) yields

first measurement of vy % gévg;ADS
Winter 14 -0

[ Combined

€ A few years ago this
was thought to be

1-0_] LI I LI

impossible 08 [
. e S oef -
€ From combined analysis ﬁ
S 04| u
y =[70.0 7T :
0.2 — ) N
€ From indirect constraints - LN
0.0 Ll : N I SN
+1.2 0 20 120 140 160 180
y = [66'4 _3.3]0 Y

€ Yy measurements obtained from 2 independent methods
are in good agreement (errors are still large)
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Present Status of Unitarity Triangle

€ Global fit in p-n plane using

Vib: Vo, AMy, Ay, &, sin 2, LS T T T T T
cos 2B, sin 2a, y i -y
1.0 — * B
€ Measurements of 3 sides N 28 s N
agree with measurements 05 - -
of the 3 angles L AMg
> expect this in the SM = 00 3 ~ 1
= no O(1) New Physics effects - o
: | Vil ; o 4
€ Since the SM works so well, had N
look for New Physics as a i ; i
correction to the SM at ©0(0.1) or om ) w:" B
s i s L Lo,
88,90 - G = 97.30 @ 95% CL -1.0 -0.5 0.0 0.5 1.0 15 2.0

205° < <23.5° @ 95% CL
61 . 4° < y < 68.9° @ 95% CL 0.133 < [_) <0.182 @ 95% CL

0.318 <1 <0.366 @ 95% CL 55




Present Status of Unitarity Triangle in Scan Method

€ Perform a fit using 256 measurements and 114 parameters
=> use all available B and A measurements in B—PP, PV, VV, a,P for
=> use B & A measurements in B-—DCOK (r), B-—D%K™(po") for y

> use &, Am,, Am,, sin 23, B(B—t*v) m,, m. and CKM matrix elements

€ Theory uncertainties 6in V,,, V., o4 Bay fos Bgs By have a non-Gaussian part

that we scan over I -
m

7 | |TheScan Method | o ) A
in the p— plane

€ So we select particular values 03
/ ©
=> allowed range is envelope of 0.2

€ For P(x?)> 5%, we plot contours .,

‘ |\I|\|\I\T{\If{

within +15 and perform a fit &
all contours OC,X / | \Vx

81.1°<a<93.3° @ 95% CL
0.058 < p <0.191 @ 95% CL

19.0° < f <25.8° @ 95% CL h o .
F62.8° <y <79.8° @ 95% CL 0.314 <7 < 0.406 @ 95% CL s

._.
S
)
(=)
(@)
1
e
~
S
[\S)
S




T Violation In

the B System




T Violation

€ The BOBO system produced at the Y4S) is unique for measuring T violation

%_- At
€ Use the A - B C b
decay B -8 1 B -8 g g I B -8
B—J/yKP CRT =
and explore | < > /7 tag:
time \ I
distribution Y | T R A e ey
C'Fi fr\ cP l
€ Define i ot F
B,: CP even
B.: CP odd CRT =5
. P 5 B tag: ¢
Decay: J/U K, (CP=+1) Decay: J/Y K¢ (CP=-1)

€ We construct:
A5;=5_,(4t<0)-5_,(4t>0) ac;-c_(ar<0)-C

- kO + 0 - 0 + 10
14 ,KL ! ,/(5 1 'KL oK

( At > o) where Syy and Cyy

N ] come from time-dep
i E AST B Sze-,Kf (AT g O) - Smg (AT < O) ACT N Cﬁ‘,Kf (AT g O) - Ce+,/<g (A7L < O) asymme’rr'ies as .Acp 58




T Violation Asymmetries

€ Define 4 asymmetries, e.g. . B°)-N(B° - AC AS?
Y J A = NEE, € ) N(€ 8.) ~ —7L cos AmAt + 5r sin AmAt (37)
N(B —B°)+N(B°—=B) 2 2
€ The A;asymmetries clearly show |
the expected T violation 1

" 0
<:[_' 0.5- B+ — B

Sttt '+‘++~

ol IR AR S 52 by . o R
—O.5> 7
€ Plot of AC:; versus AS*; shows a 140
effect
point for no T violation <osf
+L|)£— e T \w o
< ES 0.5
05 0
o Fro T1.37 £ 0.14 + 0.06
g A ] 1.17 4 0.18 + 0.11
o 0.10 4 0.16 = 0.08
s 1 T i\]??fi.l“."i-—.- = 0.04+0.16 +0.08
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Check for ¢P Violation and €PT Conservation

€ Define in similar way (ACt.p, AS*p)

Point for no €P violation

a1
. 4o |CP
and (AC*cpr, AS*cpy) pairs P
—1.30 £0.10 £ 0.0 s,

1.33 +=0.12 = 0.06 4 \\\\\\
0.07 +0.10 + 0.03 ISR
0.08 = 0.09 = 0.04 e S "’6

B

" ' I |

0.16 £ 0.20 = 0.09

—0.03 £0.13 £ 0.06

0.15+0.17 £ 0.07
0.03 £0.14 £ 0.08

: ASE € Maeasure T and ¢Pviolation and CPT
] conservation in the same sample
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Conclusion and Outlook

€ B physics has produced many interesting results and is still a very active field
€ The Belle IT upgrade is in full progress =»expect data taking 20162
€ LHCb is planning a full detector upgrade for the 2018 shutdown

€ In the next decade, LHCb and Belle IT will make many more precision
measurements

Type Observable Current precision LHCb 2018 Upgrade Theory
(Spring 2012) (7-8 fb1) (50 tb~1) uncertainty
BY mixing 285(BY — J/yrep) 0.10 [139] 0.025 0.008 ~0.003
Gluonic penguins Zﬁseff (BSO — ¢pp) - 0.17 0.03 0.02
28 (BY — KHE) - 0.13 0.02 <0.02
Right-handed currents 2850(BY — ¢y) - 0.09 0.02 <0.01
Electroweak penguins S3(B® > K*0utpu—:1<¢? <6GeVZ/c*)  0.08 [68] 0.025 0.008 0.02
soAp(BY — K*9ut ™) 25 % [68] 6 % 2 % 7 %
Higgs penguins B(BY — putp) 1.5 x 1079 [13] 0.5 x 10~? 0.15x 1072 0.3 x107°
BB — putu=)/B(BY - putu) - ~100 % ~35 % ~5 %
Unitarity triangle angles  y (B — D™ K®) ~10-12° [252,266] 4° 0.9° negligible
y(BY — DK) - 11° 2.0° negligible

B(B® — J/yKJ) 0.8° [44] 0.6° 0.2° negligible 1

CGER



Backup Slides
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B-—Dtv Decay Rate

€ For B—=D(*)tv, the differential decay rate W £T
in the SM is B m VD)
LbOmy GV, Pl 2\
dr(B - ZD T'V) _ F : D2 1- m_; H:(qz) _ (mB o mv)Al(qZ) - B—v(qZ)
] S6m"m, ] mEm o (13)
[ 2 2 2 m? 3m?, 2 2m **‘
S HH] H )1" 5]+ : s} M) = 2Pl g (g2 15
l( ‘ q J (12) s \/qj o( ) ( )
where H; are the helicity amplitudes H.(¢°) - m, + m, (m m g )A (¢%) - s Py A )
e‘rha‘r are functions of formfactors 2m \F (m +m )
€ Charged Higgs decays may enhance the decay rate (14)

€ In the 2Higgs Doublet Model (2HDM) type II the decay rate is multiplied
by
[1

2

where § is the ratio
of the VEVs of the 2 doublets

(16)




B—Dv Higgs Contribution

€ B—D(*)tv may get sizable contributions from H- compared to B—D(*)uv
due to the large T mass that also reduces the B—D(*)tv phase space

o @ DYev | =~ o)
€ The shape of the g2 spectrum I R D | Lol TN
is modified by H* contributions JSRNT SN =DMy I e
S 2 10f
. &~ OF > | \
€ The strategy is to measure the 5 RNE -
ratios _ = % S5 10 =% 510
) B(B - Dr‘v) 2 (Gev?) 2 (Gev?)
R(D) = ——
B (B - D(‘V) =e,u
- 2 (a) = o ®)
B(E - D*r‘v) 150 s
RD) = ——— S S
B(B - Drv) v L
o 050 7 \i| &
o [ '..‘ "'.,)"1.: =
€ The ratios are independent of |V | & S S VR
. . 2 e 2
to a large extent to hadronic matrix TGV R
—_ tanp/m = 0. eV ™
elemenTS ....... tszi\r/{,é’/mHJr =0.3Gev~t ... tanﬁ/mfli =1GevV~!
In the SM

R(D) = 0.297 + 0.017 R(D’) = 0.252 + 0.003
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B—Dtv Analysis

€ Experimentally, we reconstruct one B in a hadronic final state
using 2968 individual modes, called B

ta -
9 _ V- Vy
U,
S R -
B L W— f
(-] *. .

€ For each By, we look for a semileptonic - "L
decay, i.e.a ?ep’ron andaDorD” T

€ We reconstruct the t only in leptonic decays, = get signal and
normalization modes

€ The D° (D*) is reconstructed in 5 (7) final states, the D™ in D° =+,
D*n® and D™ in DO xn0, D%

€ Backgrounds originate from B—D"t/¢v, generic BB and qq continuum

€ For signal events, there are three neutrinos = we look at various kinematic
observables: g2, p, (lepton momentum), m2, ... (missing mass squared),
AE=E\5-Epeam: Mes=(E2pean~P21ag)1/2, Eoxtrq (extra neutral E in calormeter)
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B—Dtv m? ...and p, Distributions

€ 4 final oo | -
B 200
states
100 {—
® DOZ 100
50— . _
0 a0 oo 77 . " LT e | 0
¢ D+g 80— D" | 100
® N or
D¢ ol .,
20:— L,

80

60

Events/(0.25 GeV?)
Events/(100 MeV)

40

20

60 W Drv 40
O D*rv -
B2 Dev 30 —
40 — N D* v L
. (H} ; WDt/ 20|
b g. L

20 — +
o T 10
: gy oy 11 _
0 0 2 2 %

m?niss (Gev2)

e T e P e e ) e e e N S e




B—Dtv Implications on 2ZHDM

R(D) = 0.440 = 0.058 = 0.042 R(D") = 0.332 + 0.024 = 0.018

€ This is much higher than the SM :
prediction, disagreement of R(D) 045
and R(D*) with the SM is 3.40 |

€ Maeasure

€ We can compare the measurements [ M — ‘ : :
with the pre?gn_c’nons of 2HDM 0.2 L
60.65—

~—

® 04F

Excl. at
30

€ The combination of R(D) and R(D*) excludes 2HDM, since allowed
regions 0.44+0.02 GeV-1 and 0.75+0.02 GeV-1 do not overlap

ST
¢ é :
< o,
& S
LEEX>

(GeV)

FER

The type ITI 2HDM still has two solutions 68



B—Dtv

€ Lets look at a type ITT 2HDM
including scalar and pseudoscalar

contributions J2
+5 (ePb)(®v,)+s, (cPb) (fPer)]

€ This modifies R(D) and R(D*) (17)

4GV

[ cy P b “PLvr)

—
Favored at

R(D) =R(D),, + A, Re(S, +5 ) +B

2= Bloc B20 3o —

RD") =R(D"),, + A Re(S, -5 ) +B.

S, - sL‘ (19)

Sr+ SL
o
[

€ There are 4 solutions, the g% spectra
disfavor those at Sy+S,=-1.5

Sr —SL

Belle 2007

€ BABAR results are in good
agreement with other measurements

BABAR 2008

Belle 2009 e e+

Belle 2010

€ Is this a hint for new physics? AR 2012 o o




Unitarity Conditions of the CKM Matrix

€ CP asymmetries in BO decays into CP eigenstates provide a good
way to measure the 3 angles of the Unitarity Triangle, defined by

[ vv) ( vy ( vy A .
asArgL—V*d—V*fJ, p = drg| - iJ =g - V—"J va
|/ud |/ub Vfd Vrb Vcd Vcb C Y B B
€ Lets consider some examples (30) - IVegV* oo
cb
B— J/yK°: b <o
_ C
/vv\/v"v\/vcfv B0 W
A — ¢cs cb cSs = S‘ml — _siHZﬁ V cs S KO
v (v vy - - s
tb td cs cb cs d d
B—a'a: (31) V*,u,d d 77;_
/ Vv (Vv ) V, Af<l7
A o 1d || _ud_tb | _ Yyn) = sin20 BO b i u .
m Vfb Vfd Vud Vub (3 2) d d_ n

€ Measurement of y is more complicated (see later)

€ The goal is fo make many independent measurements of both sides
@ "and angles of the Unitarity Triangle to overconstrain it & test SM
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CP Violation in the B System

€ There are many useful constraints from B and K decays

— Vudvub = ’52 +7—’2
) Vcdvcb

= small blue circle

*

_td tb 'I'b

%

cd c¢cb

= cyan circle

- L - Y + 7

V)

t

21 [ R? - r)]
RR?

sin2a =

= yellow circles
2n[1-p
sin2f = —le
Rf
-) magenta rays

2

|
sin 7y sin 23 sin -~y
- + o T
sin 23 / K —71 v
| >
Am
a.s
. 0 0 _
| ey, K — 7 v |
. —
—|:.t| ‘ ........
0 0 _
- K —mur
|V Vol :
sin 2¢v
sin 2y
7
+ +
K —mur
€kl
| 1 |
-2 -1 0 1
P
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CP Violation in the B System

€ We measured different samples

1000
9377 tagged ‘;2000 > 5813 tagged
events § > events
- Q]
~ ; 500
21000 =
§ S
= m
0 0
52 5.22 5.24 5.26 5.28
Mpe (GeV/c?)
1291tagged ) oo
events § ' ;3 40 166276
i 0 *0 i
§ 200 B"— J/yK § 20 By, modes flavor tags
@\ o L
P @ 20
5 5
A 5 10
0

5.2 522 5.24 526 5.28 5.2 5:22 524 5.26 5.28

mgg (GeV/c?) mygg (GeV/c?)

- control sample has the same mistag rate and At resolution as P sample
) (At error dominated by recoil side) = use in fit as well
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Tagging and At Reconstruction

€ Tag 2™ B by

€ Tagging quality :>§>/ T,; ’ ?é
O hard gc

=g(1—20z))2 (33) soft 7]

€ Error on sin2p depends on tagging quality osin2B)x——  (34)

Jo

€ Error on sin2p depends on tagging quality: Q=31.2+0.3%, €=(74.37+0.1)%

€ At reconstruction: /‘ Brec direction
Bgree Verte
€ Get B, vertex from ; Brec daughters

charged daughter tracks Interaction Point.~

0,(B.., )=65 um D B,, momentum <@ © —

Beam spot

~

€ Determine B, vertex from remaining

TAG Vert \\B\TAG direction
charged tracks 2 B, , vertex & B,,, momentum = ~

TAG tracks, VOs
;> Average Az resolution: 180 um (At resolution: 0.6ps)

@
& ©
& S

GEX
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Extraction of a from B—nx

€ Use as inputs:

>

0.2

. --- B—onn (BABAR)

B(BO—m+m-) %ﬁ‘ﬁg --- B—nn (Belle) et CKM fit

B(BO—nOn0) 0 Bonn (WA)

B(B+—n+n0) 0
o= 08 F
CT"'T“ @ 06 r:-
CchnO Tz E.

o 044

. ,
vse e L b

0-0 | B . tl’llllllllllllllllllll

0 20 40 60 80 100 120 140 160 180
o (deg)

€ For B—axm obtain no stringent constraint on a
> Need either also measurements from B—pn, B—pp, & B—a;n
=> or need to combine all measured B—PP modes




Direct CP Violation in B—=Xy

€ Inthe SM, direct CPviolation in B—X_y is predicted to be small:
-O.6%<ACP (XsY)<2-80/°

€ Its measurement is performed by using exclusive self-tagging decays

€ Using 16 such modes in a sample of 471x10¢ BB events, BABAR measured

Ay(X 1) = (17219 +10_ )%

= most precise Ag result
arXiv:1406.0534

€ The difference for charged and neutral B decays is

AA_(X 1) = A_(B" — X7y) - A_(B® — XC)
€ AAHB—X,y) depends on C;, and Cg:

, [_\ Ceff /_\ Ceff

- 78 X 8 _ 78 x 8 —

AA (X y) = 4n"a - JIm ot 0.12100 Y Jm et 17 MeV < A, < 190 MeV
b 7 7

Benzke et al., PRL106, 141801 (2011)
€ Inthe SM, C-2f and Cg¢ff are real 2AA»(Xy)=0
® This may be modified by new physics contributions

BABAR measures A4,(X)=(50%39, =15 1% Sfirst AA(B—X.y) result 75




Direct CP Violation in BeXSy

€ This yields a 90% CL constraints on Zm (Cgeff/C,eff)
~164 <Im(Cy" /) <6.52 @90% CL

‘ == e8% C.I.
.. |E==3 90%CL]

€ This is the first constraint on the ratio of Wilson
coefficients Cgeff/C.¢ff in this process

SM A(B—=X vt PRL 106, 141801 (2011)
Bglle leptontag L N (2.244.0£0.8)% ‘
Luis Pesantez, DIS14 ) ( ff/c ff)
CLEO lepton-tag i . . . (-7.9%1 0.812.2_)(1 01£0.03)%
S ... © Inthe full&/ inclusive analysis, A
PRD77.051103(2008g' i ® ( ' Y ha.S' b—>5')/ b_)dy COHTF‘IbUTIOhS
BABAR lepton-tag (5.746.0£1.8)%
PRL109,191801 (2012 —— -

€ Inthe SM, ACP(B —>X5+d)=0

Belle semi-incl B - (0.245.0£3.0)% e De'fer'mlne B/B fl"Ol’T\ ChGI"ge Of 1'(19
PRL93,031803 (2004) ' [
BABAR semi-incl
arciv: 1400534 [ e O nrgemet @ All results agree well with the SM

P 03 02 -01 0 01 02 03
A (B=XY) =






BOB? Mixing

€ B9, and BY can oscillate into their antiparticles B°, and EOS, respectively

b W d s b u,c,t d,s |AB|=2 transition
A e — — — — —— = - 7 3 | =
B u.c,ty pu,c,t B2 B w | | W RO
- o . - l_(__l -
ds W b ds uc,t b

box diagrams

€ The Hamiltonian of the B°B? system has a mass matrix M and a decay matrix I'
=> M corresponds to a phase in the wave function while I" corresponds to a
probability density, which decays exponentially with fime and has the
characteristic decay width

€ By diagonalizing the Hamiltonian, we obtain 2 CP eigenstates whose

€ masses differ by AM - Z%e\/( 12 %rm)( 1*2 - %rzz) (20)
where M, & I';, are the of f diagonal matrix elements of M and I, respectively

R
L’
CE™
> Oy
< ~,
LCER>

For Bod, Flzzo 78



BY, BY, and B, BO, Oscillation

€ For atop quark in the box diagram, the
|AB|=2 weak Hamiltonian yields a mass
difference of

*

ﬂd ﬁb

é; 2

AM - 672 BBfB B
where Gris the Fermi constant, f; is the
BO, decay constant, B; is the bag factor,
Vi, and V., are CKM matrix elements, mp
is the B9 mass, M,y is the W boson mass,
So(my2/M?) is the function of the box,
m, is the top quark mass and r is a QCD
factor =& f, & Bg have theory uncertainties

M;SO(XT)nB (21)

€ For B9, AM is gotten from eq (21) by
replacing fg, Bg, mg, and |V, V,,|% with the
corresponding BY, quantities

Asymmetry

"—'F"""""""""'""""""""""""""'

R +++++++++¢

0 1 2 3 4 5 6 8 9

B decay time [ps]

E ittty N +w#+ﬁ++% £

0 05 10 15 20 25 30 35 40 45 50
B decay time [ps]
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BOBO Mixing Measurements

€ For B9, the world IR L

g ALEPH 0.446 + 0.026 + 0019 ps’*
average for AM is Gansrsen | ps
DELPHI ° h—e—j 0.519 + 0.018 + 0011 ps*
AM = (0.51 + 0.004) ps‘1 (S analyses) )
8o L3 | Ly o o] 0.444 + 0.028 + 0028 ps’
(3 analyses) [T o
-1
OPAL H—e— 0.479 + 0.018 + 0.015 ps
0 (5 analyses)
€ ForB s the Wor'l.d 0.495 + 0.033 + 0027 ps’*
average for AM is 1
DO | 0.506 + 0.020 + 0.016 ps’
(1 analysis)
AM  =17.671x0.022 ps™ BABAR ' o 0.506 + 0.006 + 0.004 ps’*
B, (4 analyses)
BELLE ' o] 0.509 + 0.004 + 0,005 ps’*
(3 analyses)
LHCb o 0.514 + 0.005 + 0003 ps*
(3 analyses)
Average of above H 0.510 £ 0.003 ps'l

after adjustments

-1
CLEO+ARGUS l_._| 0.498 £ 0.032 ps
(%4 measurements)

World average " 0.510 + 0.003 ps™
for PDG 2014
| | | ! | | | !
04 045 05 055
‘HFAG average

without ad justments 7 Am, (psl) 80



