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Lecture 2

e B-B mixing amplitude

e Inclusive processes: OPE and applications
(B—X v, B—=Xyy)

e Exclusive processes: trees and penguins,
CP violation, searches for New Physics
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B-B Mixing
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Oscillations of neutral mesons

e Neutral mesons can be transformed into their
antiparticles by second-order weak processes

e Analogy with quantum-mechanical system of
coupled pendulums: state B at t=0 develops into
a superposition of states B% and B? with time-
oscillating amplitudes
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 Time evolution of an initial (at t=0) BO state:
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Calculation of te mass ifference

e Master formula:

GQ J'"‘r’irgr : mg 1 -~ — _
Am = F”’VV”S( f-)- o (B (db)y 1 (db)v x| B°
m 16722 ‘ th td‘ 0 JL[%,— "IQCcD ma < ‘( )V A( )V A‘ >
A A
‘ . & ‘ .
il turbat CD _ 2 9
So(xs) ~= 0.784 )™ perct;;rzclt\i/gnQ =3 Bpfgmp

(from lattice QCD)

» Discovery of B-B mixing (ARGUS experiment, 1987)
pointed to a very heavy top quark!
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Determination of |V 4]
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05 [ o uncertainties)
_ d N
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Inclusive Decays of B Mesons

HFAG

0. Buchmueller, H. Flaecher
Phys. Rev. D73, 073008 (2006)
update for LP 2007

455 4.6 4.65
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OPE for inclusive rates

e Optical theorem: relation between total rate and
discontinuity of forward matrix element

(B — X) = —— 3" 2r)' (s — px) | (X| Ha B)?

2?71-5 -

! Disc (B / d*z T{Heg(x) Hut(0)}| B)

QTHB

e Quark-hadron duality:
- many accessible final states X

- their sum can be approximated by a partonic analysis,
c.f. calculation of o(e*e—hadrons)

Matthias Neubert CERN-FNAL Summer School, Aug. 2008



& Nl ooey ERRERE
(;,:»; y N "“w,',' » “._ =% : M Au,‘wasrrm

|\

OPE for inclusive rates

e Leading diagrams for some examples:

Vi .

b m b
[ (B) = <B| | B> By selecting a subset of
operators in the effective

o Hamiltonian one can study

partially inclusive rates,
[}.4(B) = (B] | B) not just the total rate!

e Phase-space integrations provide “smearing”
needed for applications of quark-hadron duality

Matthias Neubert CERN-FNAL Summer School, Aug. 2008
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OPE for inclusive rates

e Integrals over the discontinuity can be deformed
into the complex momentum plane, where
internal lines are far off-shell, and the matrix
elements can be expanded in local operators:

bb

Matthias Neubert CERN-FNAL Summer School, Aug. 2008
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OPE for inclusive rates

e More realistic picture:

ot

(B|bb|B) (B|bo,,G*b | B)

Matthias Neubert CERN-FNAL Summer School, Aug. 2008
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OPE for inclusive rates

e Heavy-quark expansion of these matrix elements
introduces few hadronic parameters:

(B|tb|B) _ ﬁi#é+O(A%cD)

2mp 2m; m

2m B Ty

B| bg.0,,G"b|B Ac
(B| bgsa, | >:2p%-;—i—0( QCD)

from fits to data: u ?=0.40 GeV?, u.? = 0.35 GeV?

« Radiative corrections from hard gluons (u~m,) can
be calculated and included in Wilson coefficients

Matthias Neubert CERN-FNAL Summer School, Aug. 2008
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Semileptonic decays: |V |, m, etc.

e Master formula:

_ G2m; JT—TF m ag(mp) [m
I'B— X,l) = —=2V,I"[K (1 -2—5E —- : — )+
8= xm) = SESAR (1- M) (1) + 2 ()

o Similar formulae exist for moments of the lepton
energy and hadronic invariant mass spectra

= extract |V, my, m., u?, us? from a global fit

Matthias Neubert CERN-FNAL Summer School, Aug. 2008
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Semileptonic decays: |V |, m, etc.
o State of the art: S Y A

- leading term at O(a.2) \\

- 1/my% terms (almost) at O(a)
- 1/my3 terms at tree level . P

o Results:
- |V 1=(41.7+0.4+0.6)-10-3
(HFAG ‘07)
- myk"=(4.677+0.053) GeV
known to better than 1.5%

Matthias Neubert CERN-FNAL Summer School, Aug. 2008
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Semileptonic decays: |V, |

 In principle similar analysis (replace m.—0), but
theoretical complications due to phase-space
restrictions from experimental cuts (suppression

of charm background)
e Light-cone expansion:

ot

(B|b(x)b(0) | B) several 1/m, ops.
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Semlleptomc decays | Vi |

BLNP theory (m: \:U'731|+£102 Z]ev)
CLEO, E.>2.1 GeV 3.52+0.410.35
Belle, E_>1.9 GeV 4.36+0.41+0.33
BaBar, E.>2.0 GeV 3.90+0.22+0.33
Ba?h?nrgxfgjgeifv’ 3.95+0.27+0.39
Belle, My<1.7 GeV 3.66+0.24+0.27
Be“ec;zTgGgﬂGeV’ 3.98+0.42+0.31
BaBar, M,>1.55 GeV 3.73+0.1820.31
Average (HFAG “07) 3.98+0.1420.30

Matthias Neubert
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Inclusive radiative decay B—X.y

e Prototype FCNC process, very sensitive to physics
beyond SM

e Important constraint on model building

e Leading graphs in the OPE.:

o(D) O(o.,) O(1/mg)

brpﬁ ;fsz
[ OO”%%@

- dominated by electromagnetic dipole operator Q,

Matthias Neubert CERN-FNAL Summer School, Aug. 2008



@ o " pa - ﬁ | * L0o. ‘ JOHANNES
Y - y / ‘-—;,"7 ) \_ M At‘wasnm

Inclusive radiative decay B—X.y

e Decay rate:

_ G2.am? AZI
(B — Xoy) = —2L |V V|2 {‘OTA,('T??.-E))‘Q + 0(@'3, Q?)}

324 mj

= (3.15+0.23) - 10*

- good agreement with experimental results
(3.55+0.25)-10*4 (HFAG ‘07) and (3.31+0.19 +0.37)-10
(Belle ‘08)

e Good agreement between theory and data implies
strict bounds on parameters of New Physics

models!

Matthias Neubert CERN-FNAL Summer School, Aug. 2008
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Inclusive radiative decay B—X.y

e Constraints on BSM models: (u. Haisch, May 2008)

Model Accuracy Effect Bound
THDM type 11 NLO [39, 40] 1 ME > 295 GeV (95% CL) [16]
MFV MSSM NLO [40-45] 1 —
MFV SUSY GUTs NLO [46] ) -
LR NLO [40] 1 —
general MSSM LO [47] 0 |(95).0] S 41077, |(35)rR| S8 1070, o)
1(695)Lr| <6 x 1072, [(0%3)rL| < 2 x 1072
UED5 LO [49] ) 1/R > 600 GeV (95% CL) [50]
UEDG6 LO [51] ) 1/R > 650 GeV (95% CL) [51]
RS LO [52] 1 Mgk > 2.4TeV
LH LO [53] T -
LHT LO [54] ) —

Table I Theoretical accuracy. effect on B(B — X.7v) relative to the SM prediction, and if applicable, constraint on the
parameter space following from B — X.7v in popular BSM scenarios. Arrows pointing upward (downward) indicate that
the BSM effects interfere constructively (destructively) with the SM b — sy amplitude. Single (double) arrows specify
whether the maximal possible shift is smaller (larger) than the theoretical uncertainty of the SM expectation. See text
for details.

Matthias Neubert CERN-FNAL Summer School, Aug. 2008
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Inclusive radiative decay B—X.y

e Constraints on BSM models: (u. Haisch, May 2008)

600 . . . . r . 040
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Rare two-body decays
Weak effective Hamiltonian also describes
exclusive processes

Many of them are rare: either proceed via b—u
transition or via penguin loops

Typical branching ratios ~ few 10, sensitive
probes of physics beyond SM

Examples (~100 modes explored):
- B—nan, B—mp, B—xK, B—¢K, B—n’K, etc.

Matthias Neubert CERN-FNAL Summer School, Aug. 2008
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Rare two-body decays

 Structure of H.4 (many operators with different
CKM factors) implies that decay amplitudes are, in
general, superpositions of several partial
amplitudes A; carrying different phases
— possibility to observe CP violation!

« Weak (CP-odd) phases:
P = %

complex parameters in Lagrangian (8¢, 0qcp ?)

e Strong (CP-even) phases:

5 =9,

due to final-state rescattering (poles in propagators)

Matthias Neubert CERN-FNAL Summer School, Aug. 2008
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Rare two-body decays

e Decay amplitudes:

e Squared amplitudes:
A(B— f)I ZA2+ZQAACOS —0;) + (8; —8;)]
i7]

IA(B — f)|? ZA2+ZQAA cos[—(0; — 0;) + (6; — ;)]
i#]

Matthias Neubert CERN-FNAL Summer School, Aug. 2008
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Rare two-body decays

e Direct CP asymmetry:

f)—T(B— f)
f)+T(B— f)

Zl#} QAEAJ Sjﬂ(g.i — 9‘}) Siﬂ((;i — 53)

ACP(f) —

_Zi A7+ 30,2 244  cos(8; — 0;) cos(8; — 0;)

e Requires at least two partial amplitudes that
differ in both their weak and strong phases

Matthias Neubert CERN-FNAL Summer School, Aug. 2008
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SM analysis of rare decays
e Consider b—s(d)+X decays for concreteness:

S VeV (G + GOP) -V S G,
g=u.c /' -i=3,...,10,7~,-,8y

W-boson exchange | penguin and box graphs

|

o CKM factors (with standard phase conventions):
Vcbvcs* = real Vubvus* o @M
'vtbvts* . Vcbvcs* + Vubvus* (unitarity)

= only two independent weak phases 6={0,y} exist in SM!

Matthias Neubert CERN-FNAL Summer School, Aug. 2008
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SM analysis f rare dcays

e For rare (i.e., charmless) hadronic B decays, terms
~e" are dominated by tree-level W-boson
exchange, e.g.: d

E 0 () Vu;/e-iv O Tt

« All such terms are called the “tree amplitude T”
(also includes small terms from penguin graphs!)

Matthias Neubert CERN-FNAL Summer School, Aug. 2008
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SM analysis f rare dcays

« Terms ~1 are dominated by penguin graphs, e.g.:

o All terms ~1 are called the “penguin amplitude P”
(note: part of top-quark loop and all of up-quark
loop is included in T!)

Matthias Neubert CERN-FNAL Summer School, Aug. 2008
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SM analysis of rare decays
e This implies:

AB — f) =T e 0T 4 PP

AB — f) = T e 1 4 p eiop

e And:

_ 2T P sinysin(oy — op)
~ T2+ P? + 2TP cos~ cos(0r — op)

Acp(f)

where y=70° is large

e If P~T (true in many cases), then A, can be large
provided that (6+-8p)~0O(1) is sizeable

Matthias Neubert CERN-FNAL Summer School, Aug. 2008
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SM analysis of rare decays
e Theoretical prediction (QCD factorization, SCET):

(61-0p) = O[a(my), AQCD/mb]l

- parametrically suppressed in heavy-quark limit

e Expect A-p(f)<10% for most decay modes, which is
confirmed by experimental data

Matthias Neubert CERN-FNAL Summer School, Aug. 2008
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CPin Interferenceof Mixing and Decay

e Study interference of mixing and decay in neutral
B decays into CP eigenstates

e Time-dependent CP asymmetry
provides direct access to angles
of the unitarity triangle!

 To see how this works, use previous result for time
evolution of initial BY state to get:

Amt

Amt _
Apo_ ¢(t) o< Acos ;n + i A %P sin

direct decay indirect decay via mixing

Matthias Neubert CERN-FNAL Summer School, Aug. 2008
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CP in Interference of Mixing and Decay

e Time dependence of decay rate:

Amit _ Amt — o
Tgo_s(t) o |A|” cos® L |AJ” sin” S Im(A*A e*?) sin Amt
_ ‘A‘Q‘ — ‘f’_l‘g 21111(44*;4_1 E.J.Qi'ﬁ) _
o 1+ — cos Amit — : — sin Amt
A2 + [A]2 A2+ [A]2

« Rate for CP-conjugate process B°—f given by same
expression with A<=A and —-f3

Matthias Neubert CERN-FNAL Summer School, Aug. 2008
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CP in Interference of Mixing and Decay

e Time-dependent CP asymmetry:

) = C cos(Amt) — Ssin(Amt)

|A|2 — |AJ? 2Im(A* A )

A2+ [A]? A2 + | AP
(direct CP asymmetry)

e Special case: decay amplitude dominated by a
single partial amplitude with weak phase o,

= ¢=0 and §=sin[2(f-¢,)]

Matthias Neubert CERN-FNAL Summer School, Aug. 2008
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CP in Interference of Mixing and Decay

e Allows determination of a weak phase (almost)
free of hadronic uncertainties!

e 2 possibilities in SM:

pp=0 = S=sin(2p)| (e.g. B—=J/yKs,0Ks)

pp=-y = S=sin[2(B+y)] = -sin(2a)| (e.g. B—nam,pp)

o Comparing sin2f values extracted from tree-

dominated vs. penguin-dominated modes is a
sensitive probe for New Physics

Matthias Neubert CERN-FNAL Summer School, Aug. 2008
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(S] HZﬁ )tree Vs. (S]ﬂZﬁ )penguin
sin(2B") EIEYS

PRELIMINARY
b—>¢cS Worid Averagé | | o | 0.687:(;).03
9 q)K0 Aveéage } =y — 0.397:(3).17
)10 : i
WK Avege e > theor. corrections
Ks Ks Ks AY?(aQ‘?, - e increase deviations
9 n° Kg Average = —
©Ky  Avelage
oKy Avelage  HE=——m—f1 ’548+024‘
= f0 K° - AverrageA - '—*0‘85+007-
K*K K® Average- N | 0.73¢?.10-
-0.2 0 0.2 0.4 0.6 0.8 1
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SiﬂZﬁ)tree VS. (Sinzﬁ)penguin

sin(2B") =sin(20{") vs C_p=-

=-Acp
T

=-A
& CPLP 2007

PRELIMINARY
T

e

X h4 X P

-0.2 Fem

0.4 -

0.6 Fin

-0.8

N |

I

e Present accuracy:
o(sin2B,,) = 0.17

e LHCb capability
with 10 fb1:

0(siN2B,s) = 0.10

e Significant improve-
ment requires a

| | | |

1
-04 -0.2

0

1
02 04 06 08 1
sin(2B") = sin(207")

Super-B factory

Contours give -2A(In L) = sz =1, corresponding to 60.7% CL for 2 dof

Matthias Neubert
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New physics in B, mixing ?

e Analogous study of mixing-induced CP violation in
B.—J/vy ¢ decay (Tevatron, LHCb) tests SM

prediction that ¢.=2p.=0.04

— 0.6;——-—SMJpredictioq);’éﬁ""‘"{ Eu"ig (a) D&, 2.8 fb™
ﬁ 0.4:—:3232 gt 50.35— = BE Ny o
& u2§ ff” ; RS ﬂuzg— AM, = 17.77 ps™
0.0 Fij&:;?{‘ “““““ - ;J """"" 0.1F
02r ( of
w7 o = 26,-0.04
06F - B AT = ATgy, x lcos(d )l
e 035 " F %5 0 05 1. 15
2B_(rad) ¢, (radian)

CDF (Dec. 2007)

Matthias Neubert

DO (Feb. 2008)
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New physics in B, mixing ?
o Capabilities of LHCb:

0.5 fb-' 2 fb? 10 fb-'
(~2009) (~2010) (~2013)

o(2B,) 0.046

e Precision: - (a) D, 2.8 b 23.5M=0.04

m B> Jy o
AM, = 17.77 ps™

Luminosity

AT (ps™)
o
a

01 .,
B =~

5 times narrower than this bar!

— SM
B AT = Algy, < Icos(o !

_0 2_ 1111 | 1 1 | 111 1 | 111 1 I 1 1 I 111 1 | 111 1
%2 15 -1 05 0 0.5 1 1.5
¢_ (radian)

Matthias Neubert CERN-FNAL Summer School, Aug. 2008




(s1n2[3 ) S. (sin2p.)

s/penguin
e LHCbH can also do “tree vs. loop” test with B, decays
o Compare sin2f, values extracted from B.—J/y ¢ vs.

Bs—¢¢

tree

C

b J/y
B, s B,
¢
S
Luminosity 2 fb 10 fb™
(~2010) (~2013) 2B.00.M=0 |
o(2p#) | 0.11

Matthias Neubert CERN-FNAL Summer School, Aug. 2008
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If any of these ffects ae real ...

e Hints at O(1) new physics effects in mixing
amplitudes and rare decay amplitude

e Requires large, O(1) new CP-violating phases

Check at ATLAS/CMS!

Matthias Neubert CERN-FNAL Summer School, Aug. 2008
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Summary
Flavor physics addresses some key questions of
modern particle physics

Large potential for testing SM and searching for
New Physics (complementary to searches at high-
energy frontier)

Interesting hints exist for potential new Physics
effects in FCNC processes in the B, and B, systems

Near future will tell whether any of these are real

Thank you!

Matthias Neubert CERN-FNAL Summer School, Aug. 2008



