THEORETICAL

STATUS OF B
MESON PRYSICS




d WHY B PHYSICS ?
- CP violation
- manifestations of CP violation
d UNITARY TRIANGLE (UT) FROM B PHYSICS
- leptonic B decays
- semileptonic B decays
- nonleptonic B decays
d EXPLORATION OF UT AND NEW PHYSICS IN B SECTOR
- benchmark decays
d OUTLOOK
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CP VIOLATION:
d in kaon decays known from 1964
[ 2001 experimentally confirmed in B - decays
origin in SM : Yukawa couplings in SCALAR sector of SM

Ly =-\/Qi - dd), — (\) ) d, @t - Qi + ...

A\ general, not necessary symmetric or hermitian matrices, not constrained
by gauge symmeftry

CP: A\ «» A\J — explicit CP violation if

this happens in SM with 3 generations of quarks



" JE
= diagonalization of Yukawa matrices -> quark mass eigenstates
= mass eigenstates mix under weak interations
= weak eigenstates and mass eigenstates are connected through the
unitary transformation -> CKM MATRIX
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THREE angles and ONE PHASE
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A= |V, = 0.22 (A~0.8, p~0.2, n=0.3)
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Further requirements for CP violation in SM:

(mf —m?2)(mf —m2)(m? — m2)(m3 —m?)(m —m3)(m? —m3) x Jep # 0,

[ [ s

Jep = [Im(ViaVigVigVia)| (i # J, a # B) .
If two quark would have the same mass -> CP-violating phase could be eliminated !

-> CP -violation is related to the FLAVOUR PROBLEM - understanding of quark
mass hierarchy and the number of fermion generations

JARLSKOG PARMETER J = measure of the strength of CP violation
in SM = O(10-3) - small |



O CP violation is confirmed: size and origin of CP phases are UNKNOWN
O fermion masses and masses of gauge bosons are measured

O NO SCALAR PARTICLE OBSERVED :
- the Higgs mechanism of SU(2), x U(1), breaking and generation of
quark masses IS NOT (YET) VERIFIED

O MECHANISM OF CP-VIOLATION IS NOT IDENTIFIED

Next generation of accelerators - LHC

- direct Higgs searches complementary

- exploration of B meson physics - CP violation tests of scalar
sector of SM |



two non-squashed triangles in a complex plane:
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these triangles coincide at the A3 level - LHC will reach precision for

exploring both triangles at A° level
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THE IDEAL THE REALITY...

CKM fits - theory is used to convert experimental data into contours in p-n plane

THE GOAL is to OVERCONSTRAIN CKM matrix as much as possible
-> NEW PHYSICS (NP)
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UTfit collaboration:
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MANIFESTATIONS OF CP VIOLATION:

o CP violation in the decay (direct CP violation):

| IA(B — F)| # |AB — F) |

< CP violation in mixing:

[mass eigenstates = CP eigenstates]

@ (CP violation in the
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DIRECT CP VIOLATION:
A(B R j’] _ E+1L,?1|A1|EH51 i E+?:5§;~|A2|Ei§2
AB — f) = e¢'lPcp(Bl—dcpf)] [E—iwl A, |Ei51 + e_i"“:’?|A2|ei‘55’]

¥1.2 weak phases (CP violating -CKM)

_ABY = NP - 1AB) — NP
JABY — )P+ ABY — [)?
2| Ay [|Ag|sin(d; — do) sin(py — p2)
A% + 2[A1]|Ag| cos(d; — da) cos(pr — w2) + [Aa]?

-at least TWO amplitudes with TWO WEAK CP-violating PHASES
and TWO STRONG CP-conserving PHASES
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TIME-DEPENDENT ASYMMETRY:

Asymmelry

b
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Exceptional case :

AFCHE,{ = Im (:Ff-*_i""-')
qdir - _
Acp =0

Measure time-dependent CP asym-
metry:

[(By(t) — F) —T(By(t) = F)
L(By(t) — F) + T(By(t) — F)

= {A%ilr;(Bq — F')cos(AM,t)

+ ATX(B, — F) sin{&_f'lqu.)}

depend on hadronic matrix elements

ONLY one amplitude is dominant (theoretically clean)

— “gold-plated” decay

(CP is governed only by weak phase; no hadronic

uncertainties)

(9. B — J/yYKg)



Q large number of different decay channels, sensitive to different
weak phases

Q expected large CP asymmetries due to the non-squashed unitary
triangles

Q0 GIM suppression largely relaxed due to m, » m,, m,

- large and clean effects from B - B mixing: g Vi q > b

rj=uc.t

B W w| B

- large effects from penguin operators:
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LEPTONIC B-DECAYS

!
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(B~ — () = ™ —L Mpm? (1 Ug) 8|V

very small BR due to the small |V,;| < A* and helicity suppression for | = e, y

from BR(B~ — 7 )= [1 061032 (star) 1913 (s&-'st)] x 1070 (Belle)

eVl = [r' 731123 (stat) 52 (systj} < 1071 GeV
f
|

sum rules, lattice — @
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SEMILEPTONIC B-DECAYS (*f
exclusive: s SC(\H)_JE
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HEAVY QUARK EFFECTIVE THEORY: heavy quark symmetry - for Aqcp/mpe — 0

<D(L |C1 Fnbtl|§(13)> = E(UI . ?_J:l[:L‘ + L‘r]&.

Mp+ Mg

N [1 o
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2MpMp

w=1vnp - -vp =

Fi(q?) = &(w) only one function
2VMpMs . ISGUR-WISE FUNCTION
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(1) =1



inclusive:

averaged properties of b quark
interactions with light quarks

N\

{-’Tz L'?-f g X ‘= 2 A — DA 1"13 -
(B — X, b) = el (1 _om™ 213 (ﬂ ) +2 240 (n-z QLD))

19272 T T Emg o m,g

problems with large backgrounds which originate from & — ¢/
— cuts - large th. uncertainties

-

‘ub

|I’Fub|incl - [:"l"l ﬂ:U&j X 10_3 s excl — (38 =T DG) X 10_3

there is a heed for better determination of |V,i| to check consistency with
sin2b

extraction of |Vi,| from B — X_ ¢ is more favorable:

= (42.0 £0.7) x 1073

._r
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NONLEPTONIC DECAYS , .
- different topologies:

b 3 U, ¢
W L, W tree diagrams
(e
E»E\I\r."'ﬁ"rl’"fl,l__1 W
Uy Cy b2
§ ’ ;?a < d (s) . .
T, - QCD penguin diagrams
a 3"‘}»<‘?
g = Us Cy s &
ﬁ-\_r..ﬂf_,».b_?r W t
Suy et p——— e d(s) ..
— = 4 S EW penguin diagrams
L-
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Hovear = = Z 1II":'|."'.|."'1II"..'|_'-|;_1 {{_.ll_ 1 | lfJﬁ + Calu] li}‘l; + Z Cilp Oy 4+ Cre Uy + {_.Su ':'-}Hg}

V& noue f ,\ /, i=3,..10

’ /
C; =Wilson coeff. - perturbative O, =four quark operators
O, , = tree operators
O5_¢ = QCD penguin operators
O,.10 = EW penguin operators
Ale®® ~ (T H earB) = Y Crlu) x (TOy(w)[B)

— -
pert. QCD non—pert, D

How to calculate matrix elements of O = (Gy;Mqa) (T;7"b;) 2

(mm|04|B) = {mdl,u|0) {mul"b|B) [1 + Ofog | + OlAgep/my, '|]

e
fnaitve’ factomzation

B—m!

= i,m%fﬂFJr |' m.fr] [1 + Olas )|+ Ol Aacn/ My ]]



(7| 04| B {ﬂlﬁl"“ |0} (el ™ b|B) [1 + Olog | + Ol Agep/my, |}

»
fnaitve’ factorization

img fFg_ . (m2] [1 + Ofots ) + Ol Agep/my '.]

BE—m!

Models for calculating matrix elements of four quark operators

a - at the leading order of a Agep/m, expansion
(Beneke, Buchalla, Neubert, Sachrajda)

Q approach- the complete matrix element is

calculated perturbatively (Keum, Li, Sanda)

a (soft-collinear effective theory) - for B -> light particle

decays (Bauer, Fleming, Luke, Stewart)

Q (light-cone sum rule approach) - O(a; ) and O(Agcp/my,)

corrections are calculable (Khodjamirian)
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EXPLORATION OF CP VIOLATION IN NONLEPTONIC B DECAYS
R.Fleischer, hep-ph/0608010

B — mw (isospin), B — pm, B — pp

B — 7K (penguins) By — K5 (Bs — ¢ i ¢s = 0)
BE - K*D By — ¢Kg (pure penguin)
Bi_} K*p onky trees
B - DED

By — DEERT . v+ 203

only trees
Bs — DEKT 1 4 s } Y
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How could new physics enter ?
d NP may modify the strength of SM operators through new short-distance
effects depending on the masses of new particles
NP enters at the loop level

- box diagrams and penguin topologies - and may be integrated out like
the W-boson and top quark in SM

[ NP may introduce new operators

{0} — {OiSM, ONF}

SCENARIOS:
- SUSY
* left-right symmetric models
* exfra dimensions | QO CRUTIAL PROBLEM -
. rr}ode!s W'Th an extra Z to distinguish NP from
- little’ Higgs hadronic uncertainties in SM |

* fourth generation



WHY IS B ->J/¥Y K GOLD PLATED ?

i i h ~Ccc
| P AR b->ccs
|I .'| J."ll?-"' 4115::$L;.-#\”_ lIJ JJ{IL}
b b foc

T 2 E £ I:I:I:I L I:]-:I 1Tl
A(BY — T/ K% = Cr (1 - i) NA{AD 4+ AP} [1 4 At { L A }E”]

V2 2 ‘ ‘ L=22/2 | AP 4+ AV
o \ E nguins
ABY — J/K% = ZZ{1-=|A\2440 \
V2 2 3
X negigible (")

only one amplitude dominates!

Any measurable deviation from

acp (1) = - sin(2p)sin(Amt)

is the sign of New Physics
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TESTING SMIN BP — &K, DECAY

Tree decay
b

—o—

B wl

Q.
.ul

penguin decay

BY — ¢Ksg

also measures sin2p

penguins can be neglected

pure penguin process (gluonic and EW penguins)
-> can be affected by NEW PHYSICS
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B— mm AND B— 1 K DECAYS

- problems to explain neutral B decays

ABY = ntr)=C [e“ — deﬂg]

1

de
e Rb

qc 4t
¥, P __'4.1:! ]
A%+ A% — AL

penguin amplitudes does not enter at
doubly Cabibbo suppressed level
-> PENGUIN POLLUTION

- if penguins would be negligible -> d = 0 and

AN By — 7t 7))

miX(By )

-inconsistency between eperiments:

|
g

ABL(By — nta)

ABE(Bg — wtr7)

= 1
S SM . .
= sin(¢g + 2v) = sin(25 + 2+) =
"'q—..,v...—.-"'
2m—2a
—0.00 £ 0.15 £+ 0.04 Babar
—0.56 4+ 0.12 + 0.06 Belle
+0.30 £ 0.17 £ 0.03 Babar
+0.67 + 0.16 4+ 0.06 Belle



averaage. :
J AdL (B, rtrT) = —0.37+0.10

mx(B, s ogtr) = +0.50 £ 0.12

such large A['j:ilg indicate large penguin contributions with large CP
conserving strong phases I?

Similarly for  qdir g, . +FK*) — 0.115 + 0.018

QB ->mKpuzzle : u,d

./""

4 |'Ihl|ﬁ°
Bg — TTDI{GI and B+ —F TTDI{-'_ decays ] . ' b_'_:, d‘;\EEb
b'ﬁ O I;li"«’vﬂ-;x:\- N
EW penguins are not suppressed -> T u \ |
could have significant impact on the BR? zNU K+

->exp. BY — 7"K" is observed with unexpectedly large decay rate

BR(BT — n'K*) + BR(B™ — 'K )]
BR(Bt — 7#tK") + BR(B~ — n~ K")

= 1.01 + 0.04

—

[BR(BJ — n~K*)+BR(B] — 7tK~) B -> K puzzle
| BR(B] — m"K") + BR(B] — K" 083088
Relsm = 1.15 4 0.05, (Rafsm = 112 £ 0.05)

gy
B

[l
o] =
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AMPLITUDE RELATIONS: B* — K*D (pure tree decays)
Since there are only tree contributions -> clean way of extracting vy angle:
A(Bt - K*D") = A(B-— K~ D"
A(Bt — K*tD") = A(B™ — K~D") xe*7

CP = +1 eigenstate: 1
0y _ L [Ino 0
DY) = =5 [ID°) +1D%)

Isospin analysis:
V2A(B* - K*DY) = A(B* - K*D°)4+ A(B* — K*+D"

V2A(B- — K~DY%) = A(B~ — K~ D)4+ A(B~ — K~ D"
squashed traingles: B+ — K+D° is color-suppressed vs B+ — K+D°
AB} - K+D% VZAB; —+ K=DY)

V2ZA(B} — KtDR) B

_ ’ ]
= - 2,7 ABr — K-D°)

A(Bf - KTD% = A(By — K—D°)



’-\-’E|D(*?K(*J = {

Similarly one can use

{Gﬁﬁﬁ){" CKMfitter collaboration
(65 £ 20)° UTfit collaboration
BF — DED | to extract y -> favourable (non-squashed
triangles)
\ LHCb ?

SU(2) and SU(3) symmetry is used for exploring  B%—p*p"

BaBar 2004 :

B{F_}p -+ T F
BY—1rtr

B—pp — sin2a
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RADIATIVE B DECAYS -also b — s#t¢— and inclusive modes B — X.~

direct probe of SM at one loop level:
b->sy loopdecay BR(10%)~ 3 10-4 new physics, |V._|

b->dy loop decay  BR(10%) ~ 10-¢ new physics, |V. |
(2005)

NEW PHYSICS (le SUSY)- Direct: Indirect:
Msysy Msysy {5
H H
Photon, Z EmSUSYCZ‘E E ’L%(r

E |
Elektron Positron { .

B-py / B-K'y allow determination of |V. / V.. | that is independent of form
factors

b — s {T¢— - forward-backward asymmetry can be measured
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NEW ERA - EXPLORING B, SYSTEM (at Tevatron and LHC)
0 B, - B, MIXING - search for NP

AM, = M — ml?

AM, = [1 3170 ﬁg(sm}iﬂﬂ”[mst]ps (CDF) vs ANy = (0.507 + 0.004) ps

AM,

N ‘ pslingep = 1.08T55) (exp) & 0.19(th)
&MFSM

pslmprimacp = 0-747501 (exp) + 0.18(th)

f
fg and bag parameter are obtained
from lattice collaborations

O B — J/vo
- CP violating effect are tiny in SM for this decay
- this decay measures  sip ¢, by = —28% = —202p ~ —2°  in SM

0 MANY B, DECAY CHANNELS TO D, m AND K

- similar analysis as for B, decays
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O LEPTONIC B, DECAYS B — utu— -very clean rare decay

BR(B, — ptp ) =41x107"°

y st 2r “’:‘,Sl 12 r TR, 1T 1 1 3.12
|0.24GeV | | 0.040] [1.5ps] [16TGeV
BR(Byg — ptp™) =1.1 x 10710
o | IB VIVl V[ e, 1] me 1312
0.20GeV | | 0.005] [1.5ps] [16TGeV
. . . Via | .
using recent experiments would allow for extraction of Ve (UT side Rt) :
L
BR(Bg — putpu™) _ [7Ba] [MB,] [ 1B, | Vi |?
BR(B; — putu~)  Lme. ] [Mp.] [fB.] |Vis

another way around:

BR(B; — utu~) |78, | [Bs, la_.ws]
BR(By — ptp~) TH, EB, AM

from where it follows: .
BR(B, — pu ™) = (3.364£0.32) x »10~
BR(By; — ptp™) = (1.03+0.00) x 10719,

which has to be compared with today's data:
BR(Bs — ptp™) < 1.0 x 1077, BR(Bg— ptp™) < 3.0 x 1078 (CDF)
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- Tree decays are not expected to lead to large inconsistency with the SM

- more theor. and exp. efforts go into the determination of the UT from
penguin-dominated B decays

- many rare B decays are studied that may reveal specific signs of NP through
unexpected CP violation or enhanced BRs

-there are already couple of puzzles from the B-factory data

-> it will be interesting to monitor these data

Neutrino oscillations are established

Baryon asymmetry in the universe -> CP violation in the SM is not sufficient to
fulfill Saharov's condition
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— radiative decays X, y.X;y Xl

M BriK— mvv) (future) : :
Tlﬂ Oscillations

B dﬁcais

. - M(l-p) -'-wv'gg }

e

-p

Theory Error

Silvestrini, Beauty 2005
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PROSPECTS OF B PHYSICS AT LHC
- CHALLENGE FOR BOTH, EXPERIMENTALISTS AND THEORISTS

Q 8
0 B, MIXING AND B, DECAYS B_D.r. .. T L e
B.—J/y¢, B.—Jiyn ’ T.a 51 b
9
0 CKM ANGLES - especially vy B,—»D.K, B"->D K™,

BY—nn & B.—KK, ...

O CP VIOLATION - overconstraining UT B'—dK,, Be—dd. ...
B —pn, BY»pp, ...

B »K*y, BY>K*I*,
b—sl*l-, B.—»ppu-...

|
(55) ﬁﬁ%‘f< |
O, 8

e R *5R

O SEARCH FOR NEW PHYSICS IN RARE DECAYS

bp: SF‘












INTRODUCTION:
Q b-quark - member of the third generation quark doublet

[ decays into quarks of first fwo generations:

-mostly b-> ¢

- rearl b->s,d,u . - -
4 Lud Lus Lub

Vekm = | Veda Ves Ve
Via Vie Vi

[ud] [cs] [tb]

relativley LONG lifetime -> testing ground for SM physics
- CP violation and quark-flavour sector of SM

g 3 1_3-5 .

(12013 $12C13 size” Ot
A'T e ) ) 136 . ) + _J?(S »

VokM = | —512C23 — €12823513€"13  €12C23 — S12893513€"13 $93C13
L i85y . . i8q: o

S$192893 — C12C93513¢€ 13 —(19593 — S19C93513€ 13 C23C13
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CP VIOLATION:

-in kaon decays known from 1964
-1999 experimentally confirmed in B - decays

-origin in SM : Yukawa couplings

Lsmy = Lo, W,0) + Ly(o) + Ly(v.o)
— — p— N —
Kinetic Higgs potential Yukawa I|A
energy + — spontaneous — fermion
gauge |A symmetry masses
breaking

"-u_"’_.r‘ ——
gauge sector scalar sector
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DIFFERENT TOPOLOGIES which can contribute to B decay:

™ i
=N L
" P ) )
o rf"' ™ | ] I,f"" -H‘-. | ™ )
| & py [ & s
[m] 11 ! '.‘- _."
.F'_—\-ll ""'\-\._,.f'lll I:l: ll/_,_\l e ] - /.
C/ L k_i')
(a) emission (b) penguin (c) charming penguin
7
. /Y
N ° L) -
|'f3§ | py i"fﬁg |
RV LV ~
/=) ()
o \_/

(d) annihilation (g) penguin annihilation
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UNITARY TRIANGLES OF CKM MATRIX:

> TR
CRM Verm =1 = Vg - CEM

visualisation of the relation: ' 3 V13 =0 asa triangle in a complex plane

i _

{I}?n} s19=A=0.22, sp3= AN, 3703 = AN (p —in)

:;i — Vb p=o(1-52). a=a(1-1)
,-f“‘ | . e.g. Ve = AN (p — in)

0 1 Vig=AXN(1—p—i7)

Vs = A

Ty = AN



