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0 b-quark — member of the third generation quark doublet
O decays into quarks of first two generations:

-mostly b — ¢
-rearly b — s,d,u [ud'] [cs] [tb’]

relatively LONG lifetime ... TEST OF SM

EXPERIMENTS

Experiments providing most of analyses Experiments that just started collecting Planned facilities
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O weak eigenstates and mass eigenstates are connected through the
unitary transformation — CKM MATRIX

loop diagrams
THREE angles and ONE PHASE :
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UNITARY TRIANGLES OF CKM MATRIX:

Tt Ve — 1 — 1 7 1
) CKM ‘C‘K.\-I =1= ‘C‘KM -l CKM

visualization of the relation: as a triangle in a

complex plane (2 nonsquashed)

eg. V,=AA(p—in) — arg (V) = -7
V, =AM\

Vy=AA(1-p—in) —arg (V) =- By
V., =-AA2(1 +i)A%2n) —arg (V)= B.

VudVap +VedVapr +  VidVip,

(p+in)AN3 —AN3 (1—p—in)AN3



THE IDEAL ...
THE REALITY ...

constraints from TREE decays:

axcluded area has CL > 0.95 7

excluded area has CL > 0.95 7
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two non-squashed triangles in a complex plane:

Vud‘/lrb o VchC*(‘; “4 ‘/td‘/tz = 0 z:‘d‘/td + ‘/zrs Vis + Vu*b‘/tb
e eV N e P e

(p+in)AN3  —AX3  (1—p—in)AN3 (1—p—im)AXN3  —AX3  (p+in)AN3

these triangles coincide at the A3 level
LHC will reach precision for exploring both triangles at A° level




MINIMAL FLAVOUR VIOLATION (MVF) PARADIGM:

The large quark-flavour symmetry of gauge SM s
BROKEN ONLY BY THE TWO QUARK YUKAWA COUPLINGS Y, & Y,
— CKM matrix controls all flavour-changing phenomena, also beyond SM |

MFV : Y, ~ (3, 5,1) &Y, ~ (3,1,5) are non-dynamical fields now !

- background values of these fields are ordinary SM Yukawa couplings

»SM . YFat Ve aY 11 ML LTT] VB S nk) . (3 = 1%
= L'\'11kél\w_-il - },l («,)[‘)])Il) = } 0w (")1(,( R + )4 : ],I‘(,’]-h. == }l( - (D = ITo® )




UNITARY TRIANGLE FROM B-PHYSICS

(b —* uz’/)exc.i >
(b— clV)omus)

My, My, jix, form factors

moment analysis, b — |sy

B — 7w, pm, pp

fB,Bn,k...

/
Y

B! — B,(Amy, Am)
radiative & rare decays

(B— Xy, B—= X" l",B—putp..)

theor.complicated — — =

theor. clean
«— — >

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

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



MANIFESTATIONS OF CP VIOLATION:

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

[ JA(B — F)] # |A(

I CP violation in mixing:

mass eigenstates = CP eigenstates

L I CP violation in the

)




CKM angle /¢

arge (1 *1/ [T 7%T7 Y
<o\ | ch V cd/ IT: I'-.?f'*-".f )

Qe PBrdeg] = 21.76.[ +H0.92-0.82]
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CPV as a function of proper time diff (At)
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Why is B — J/W K gold plated 2

Tree decay

and other E ->z c; decays

ARy {Aﬁf’" + A } n‘
o b (N e e e T R

2 /e 0) (1)
1—/\ ’.'.2 _E, +-“‘C

EW penguins are| negligible m\

only one amplitude dominates!

acp(t) = —sin(23) sin(Amt)

CKM fitter: & lel2d]| = 2176, [-:0.22 -0




TESTING SM IN B, — ¢ K. DECAY

Tree decay

penguins can be neglected

pure penguin process (gluonic and EW penguins)

— can be affected by NEW PHYSICS






Yy measurements from B— DK

advantages:

U only tree decays
A(b—c)

B+ O largely unaffected by the New
Physics scenarios
interfererke d clear theoretical interpretation
disadvantages:
A(b—u)
 rare decays and low r,

!

with D° ,F’ — fp Experimentally not easy to measure

- 0 oK*
—
and similar for B DK Three ways to extract the information:

> S L ] ey s he B m e GLW




Amplitude relations:

V2A(B* — K+DY) A(Bt - K+*D% + A(B* — K+t D%
V2A(B~ — K~DY) A(B- > K~D% + A(B- - K- D%




similarly one can use B_ — D_ D to extract y — favorable (non-squashed triangles)

e

LHCb 2 Ay (LHCb) = 1.9-2.7 [deg]

also B— mm, B — 7K can be used, but with larger theoretical uncertainties

m --- D(*) K(*) GLW + ADS
cher1o . --- D(*) K(*) GGSZ [3O Combined
Full Frequentist treatment on MC basis Tt CKM f|t

v[deg] = 672 [+39-39]



CKM fitter:




NONLEPTONIC DECAYS

THEORETICALLY the most complicated decays:

tree diagrams

QCD penguin diagrams
C" :}"’;ﬁ,\‘/./"' 7

Ng=uscd, 8



G , , | o
= 7% Z Voo Via {CI(H)O§ + Ca(pn) 0% + Z Ci(n)Oi + C7, 07, + Cgq Osg}
\ T=l{E .

=3,..,10

C, =Wilson coeff. - perturbative O, =four quark operators

O, , = free operators

|/1\|€ié ~ <¥|j‘fu,cak|B Z Crlu ﬂOk( ]|§> Oz = QCD penguin operators
k y v — .
vert. QCD  non—pert. QCD O7.10 = EW penguin operators

(7e{dT, ul0) (mTT™ b|B) [1 RO e e /mb)]
T
'naive’ factorization

img f [1 + O(as) + O(AQCD/mb)]

Models for calculating matrix elements of four quark operators beyond naive factorization:
a

— at the zeroth order of a /A (Beneke, Buchalla, Neubert, Sachrajda)
PERTURBATIVE QCD approach
LCSR

USE OF ISOSPIN SYMMETRIES

m, expansion

SCET




o measurements from B°— 7t T

- problems with neutral B decays : tree ampl.

A(BO SrtaT)=A — T’ 4 Petd penguin ampl.

Apgtg—

- amplitude:

I(B%t) =t ) o< Tt o [14 I(N)

\ — —2i03 Artr-
+ Crs - cos Amt — S+ - sin Amt] OrtaT 1+ A2 7

)
"471""71'—

=pin 2|+ 2r cos d sin(F+a) cos 2a

if penguins penguin amplitudes enter at Cabibbo allowed level
would be negligible — PENGUIN POLLUTION

PRELIMINARY

T El”" 'B:IBﬂT"i

] Belle
] Average

MEASURED

B sin(20eft) = Sptn-/y/1—C2,



USE OF ISOSPIN RELATIONS (asumme that EW penguins are negligible)
- theoretical uncertainty due to the GLUONIC penguin contributions is eliminated :

Al=2 — A=

2A1= + A=
|A[)0|

|A+0|= |A+0|

p— _ --- B — nn/pp/pn (BABAR)
Similarly one can use B — P11, pp % -~ B — mpplpr (Belle)

3 B — nn/pp/pn (WA)

no a meas. in the fit




V., | & |V| matrix elements

V| = 3.94 [H0.16-0.14] 10U
CKM fitter:




SEMILEPTONIC B-DECAYS

exclusive:

— 0

B— D : HQE & HEAVY QUARK EFFECTIVE THEORY: heavy quark symmetry -JiVetaisY ALl "
2 2 _
Fi(9?), Fola?) ~ & (@ =V'v)

only one function

ISGUR-WISE FUNCTION £ (1) = 1




inclusive: OPE in ogand 1/m,

averaged properties of b quark
interactions with light quarks

GF|Vs|*my

F(R — \ .,“-/[) - 1927‘_3

problems with large backgrounds which originate from

— large theor. ucertainties !

there is a need for precise determination of |V, |to check consistency with sin2[3




Inclusive b — ulv decays

= ¢ i) A

Her = ——=Vi; Vi (T"" i) Ca () Gz )
5 L) W N b

V< i=1 '

B-meson light-cone function — “shape function”

- unknown

f(w) = s—(B|hd(in- D +w) h|B)
g

1‘-” ’ 3o —veff | r.u fE (o] . — "Aocp
— :|L.f_}__.ff|3 A . ) N (-){,_ﬂ's_] n U( QCD )

Vin Vi s (Ee) . mB

c)




So, what is the problem?

- we have to exclude large CHARMED BACKGROUND in b — u decay

- maximal at E, = 0 and MINIMAL at the end point of photon energy spectrum E, = 2.7 GeV
BUT:

- OPE breaks down near the end point — SHAPE FUNCTIONS of photon spectrum are neeeded

: — %K‘_ﬂ::ff |'2 Fu [Ec ]

\ o {Aocp )
—— + O(a,) + 0O —
m 1“-5 [ E C ] + { ! - + ( mpg /

s 2 dl’ u
b “m

5 /2 \ drs
dEﬂ,-' \ E".'" - E‘:] d E".'"

This help us to extract f(®) from B—X_y and use it in analysis of data in B— X Iv

NNLO SM calculation:

B, (B—X_ y)=(3.15+0.23)x107*
(for E, > 1.6 GeV)

B(B-X,y)=(3.55+0.26)x10™* (for E, > 1.6 GeV)

Vol = (4.37 £0.16,,, £0.20, +0.30y,0)*103
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X
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Exclusive B = Dlv decays

7 DELPHI
part. reco. )

Using unquenched lattice result : F(1)= 0.927 (13) (20) (PrD79:014506(2009))

V.| =(38.8+/-0.8,,,+/- 1.0,)* 10-3 ) ‘

/dof = 38

Exclusive B = Dlv decays

Using unquenched lattice result : G(1)= 1.074 (18) (16) (hep-lat/0510113)

G(1) X IV [107]

Vel = (39.1 +/- 1.4, +/- 1.3,)* 10-3

Inclusive b= clv decays

m Global fit to moments from all experiments (HFAG, kinetic scheme): | | SEESEESERSIT

Vo l(10) V., |*103
all moments  41.85%0.42+0.59 <4.591+0.031 = 0.454%0.038 "29.7/ (66-7\)\ o

only b>ctv  41.6840.44£0.58 _4.646£0.047 1 0.439+0.042 24.2 / (55-7)" D*fv: 38.8£0.8%+1.0

Dfv: 39.1x1.4%1.3

o | 2 s fie ~ 28 eoelr inclusive: 41.9+0.4+0.6
average: 40.9x1.0 (scaled)



Exclusive B- = nlv decays Vil = (2.95 £ 0.31)*10°

InC|USive b SN U |V decqys |Vub| — (4.37 :L_-O.lsexp :I:O.zoth :l:Oi3ONNLO)*1O-3

IVl (10°3)
4.8
4.6
4.4 +— - —
42 —— . —
m Source V,,[*10° comments AT /3 ; % a\g —
3.6 ‘/ \_ —4—DGE
34 1. —_— . — ,)(‘ —<—ADFR

m B->alv 2.95 + 0.31 ’ Latest combined fit to data, lattice

2.76 apart
m b>ulv 4.37 £ 0.39 PDG2010 average; error infla
to account for NNLO result

m UTFit 3.48 £ 0.16  (ICHEP 2008) | predictions
CKMFitter ~ 3.51 *015 .. (Beauty 2009) | from CKM fits




Rare and radiative decays
NEVV EPEHYSICS 2




\JF\

ARLITL TAETARA LLIIDIFAD W1 TCA Drvrr
O Source of the EW symmetry breaking:
Higgs ¢ - the Higgs mechanism of SU(2), x U(1), breaking and generation
of fermion masses IS NOT (YET) VERIFIED — problem of gauge symmetry
breaking

- new strong interactions?
U Dark matter problem

L Baryon asymmetry problem

(1 CP violation is confirmed:
size and origin of CP phases are UNKNOWN




ELECTROWEAK SYMMETRY BREAKING

SM : HIGGS
SU(3), x Su(2), x U(1), — SU(3). x U(1),,

minimum at (e (0)

()

EW measurements: v = 174 GeV

there is physical Higgs boson H with a mass my = \/§®v

s i s -1
I'evatron Run II Preliminary, <L> = 5.9 fb

’ ' | | ' ' v 3 R ! '
LEP Exclusion Tevatron
= Exclusion

95% CL Limit/SM




GAUGE HIERARCHY PROBLEM:
v=174GeV vs M, =24x10"8

quantum loops generate large corrections to the Higgs mass:

A = cut-off
to have small corrections (that the perturbation theory makes sense) we need

v<<A/(4n) — FINE TUNING




DARKMATTER

there is overwhelming evidence that the most of the matter in
our Universe is composed of nonrelativistic particles

interacting only feebly with SM particles

Union2 SN la
Compilation

SM has no suitable DM candidate:

- weakly interacting particles are too light
(photons, neutrinos)

- or have too short lifetimes (Higgs, Z)



BARYON ASYMMETRY

b/ proy = 0.0456 &= 0.0015

Saharov’s conditions:
= violation of B

= departure from the
thermodynamic equilibrium

= violation of C and CP

9 Iy, 9 Iy 92 2v, 9 Iy, 9 I, 9 2 .
(my — mg)(my —my)(m; —myg)(my —mg)(my —mg)(mg —myg) Jop 3

Jop = [Im(ViaVigViViE)| (i # 4, a # B).

jox

If two quark would have the same mass — CP-violating phase could be eliminated !

JARLSKOG PARAMETER
Jep=0(10%) — TOO SMALL




ow could new physics enter ¢

L 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

C. — (CSM 4 CNp

NP may introduce new operators

{O} — {oM O}
Non-MFV SCENARIOS:




B—>Xy & B =X v & B =X Il

direct probe of SM at one loop level - LOOP DECAYS: Up to now:
Q bosy BR(10%) ~ 3104 — |V, | agreement with SM
b—dy BR(10%) ~ 10°¢ — |Vl
SENSITIVE TO
NEW PHYSICS

U Exclusive b— s v decays:

B—py / B—K*y allow determination of |V, / V.. | independent of form factors:

V., /V,. | =0.199 +/-0.022,, +/- 0012, +/- 0.027, . +/-0.002,

stat syst extrap

theor. error ~ 1 %




B — K™ |*I- BR(B — K I*I)g, ~ 1074) - sizable !
- sensitive to right handed currents

- forward-backward asymmetry in B— K" decay - in SM: Ag(s) = O for s, = 4.4 +/- 0.3 GeV
- 3-body decay — more observables - g2 distribution, K* polarization

B —K vy

experimental signature is B — K} + E

miss
— measured decay rate is sensitive to exotic source of missing energy
— light dark mather, unparticles, etc.

a probe for NP in Z° penguins in b — s v v decay

_-I:(_T‘F 7 Tk e ~1
%eﬁ — T = Ithts ( ,I[, Of[, +C JIRO}% )

OE,R — *-:'r** (57u P L,Rb:} (vPLv)

£

Observable SM prediction Experiment

B(B" — K*%p) (6.8117) x107° [63] < 80 x 107° [65]

B(BT - Ktvi) (3.6+0.5) x 107 [66] < 14 x 102 [67]
B(B— X))  (2.74£0.2) x 107° [63] < 64 x 107° [68]

arXiv:1008.1541v1



BR(B — tv)

TENSION between the new world average for sin2[3, which is smaller
than before, and the new world average for BR(B—1V) !

Naive world average

Br(tv)=[1.73+0.35]x10™* WWE 3 CKM fit w/o BR(B - Tv)

ICHEP 10 —— Measurements (WA)

p fit without including
B(e o v =[ 0786 3473 ] x10- YN C—

2HDM :

BHRB —1t'v,)=BHB — T+"‘":)5.I

BR(B— D) T V)




NEW ERA — EXPLORING B, SYSTEM

d B, — B, MIXING d B, — J/\y ¢ DECAY
- similar like Bq = Bq MIXING, but the - similar like Bo| — ) /y K, decay, but the CP
frequency of oscillation is higher: asymmetry is tiny in SM:

Amy=0.5/ps —> Am=17.9/ps sin(2B)sy = 0.69 — sin (¢, /v )., = -0.04

— proper time resolution

- this decay measures

¢;=-208y=-221"n

CDF Run Il Preliminar
95% CL
68% CL
- SM prediction

4 £ D@, Preliminary
50-61fb"

= B? — J/vY¢ + a) constraint

p-value at SM value is 7.5%



L MANY B, DECAY CHANNELS TO D,  AND K etc. - similar analysis like for B,

decays, but BR are small

J FORBIDEN DECAYS B, — e 1t

Rare Bs Decay Modes

HFAG __ oo

[E—
W August 2010 —— Belle

e u¥ — New Avg.

outu

(0l

Branching Ratio x 106




+ —
—>
BS — - helicity suppressed
N\

BR(B; — putp™)=4.1x107°

B2 Vi

TB,

M

0.24 GeVJ lo.ow
BR(Bg — putp~™) =1.1x 10710

[

|

1.5ps

7'[;d

167 GeV

1

B, 12[ Vea| 12
0.20 GeV 0.008

|

|

1.5ps

167 GeV

]3.1‘2
]3.12

using recent experiments would allow for extraction of |V, [2/|V |2 :

BR(Bg — putp™)
BR(Bg — putpu~)

another way around:

7'£;d

Mg,

Vea |

IB;

|

™B

B(B, — up) <4.3 x10-8(95%CL)
BB, — MW <7.6x 109 (95%CL)

| |

I

2
fB,]

‘"‘ts

b
L h"7A°H°
X jrrn

3 b
s ’yﬁ(t

<

L

B(B, = W)y =3.2(2) x 109
B(B; — Uy = 1.0(1) x 10-10



U RY - B PHYSI T LH

— CHALLENGE FOR BOTH, EXPERIMENTALISTS AND THEORISTS

O CKM ANGLES - especially vy B— DK, B,.—D, K,
B—»mnm B,—KK,...

B—0K, B.—0 ¢ ,...

L CP VIOLATION - overconstraining UT B> p,Bopp,...

B.—D, &, B—DK, ...
B— J B.— J ) B.— J/yK

O B, MIXING AND B_DECAYS




