‘ Tests of the Electroweak Theory I

e History/introduction
e Weak charged current
e QED

e Weak neutral current
e Precision tests

e Rare processes

e CP violation and B decays

e Neutrino mass
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‘ The Cabibbo-Kobayashi-Maskawa (CKM) matrix |

e Charge-raising current

e
I = @epup )1 =% | n~ | + @y (1— )V
"
V = A}Ad

e Mismatch between weak and quark masses, and between Az’d,
which relate weak and mass eigenstates

e V = unitary — 3 angles and 1 phase after removing unobservable
overall phases of fields

VVi=Vviv =1
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e Magnitudes of elements (PDG)

Vud Vus Vub
V = ‘/cd Vcs ‘/;b
Via Vis Vi

0.9739 — 0.9751 0.221 — 0.227 0.0029 — 0.0045
|Vii| = 0.221 — 0.227 0.9730 — 0.9744 0.039 — 0.044
0.0048 — 0.014 0.037 — 0.043 0.9990 — 0.9992

— |Vud| from superallowed 3 decay; |V, | from Ky
— |Ved,cs| from c decay and from c production (dimuons) in vIN

— |Veb,ub| from b— ¢ and b— wu decay rates (theory uncertainties)

— |Vid,ts,t0| from B® — B? mixing, t— b, b— s~, unitarity
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Various exact parametrizations consistent with unitarity

1 0 0 C13 0 8136_7:6 C12 S12 0
V = 0 C23 S23 0 1 0 —S12 Ci12 0
0 —S23 C23 —8136,"(S 0 C13 0 0 1

where Ci;; = COS Hf,;j, Sij = sin 97;3'

S19 ~ Sin 90 ~ 0.23, 513 <K 893 K S19; 0 =CP phase

Want to test unitarity VVT = VIV = I. Apparent violation
would signal new physics.

(VVT) | = |Vual® + | Vus|® 4+ [Vus|* = 17 (Universality)
(VTv) a1 = VapVud + Vi Vea + Vi Via = 07

Unitarity triangle: each complex number in (VTV)_ is a vector in

complex plane. Should sum to zero, i.e., form triangle.
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‘ The unitarity triangle |

FNAL (December 15, 2005)

a) A
%

V.4 V:;b ViaVw

Y - p

* B
C Vcd Vcb

b A=

Y - B

C=(0,0 B =(1,0)

Divide each side by (well-measured)
[Vep Vel

Overconstrain by redundant tests

Sides by (CP-conserving) rates, e.g.,
b—u decay rate, B’ — B° mixing

Angles by C'P violating effects

Deviation: e.g., extra family, fermion
mixing, new sources of C P-violation

(e.g., SUSY loops), new FCNC
interactions (extended Higgs, Z’)
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e The Wolfenstein parametrization. Empirical expansion in \ ~
sin 8¢ ~ 0.225

e Simple to remember and work with

1 — )\?/2 A AXN3(p — in)
V = - 1 — \%2/2 AN? +O0(\Y
AN (1 — p—1in) —AN? 1

e A ~ 0.8 from b— c decay rate; (p,n) are real, expected to be
O(1)

e Vertices of triangle at (0,0), (1,0), and (p, 1),
where p = p(1 — A%/2), 7 =n(1 — A*/2)

e Each constraint determines allowed region in p, 17 plane
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e |V,»| determined by rate
for exclusive or inclusive
b—wulv (theory uncertainties)

b Vudl)?/ (|VgVeal)?
p? + n*— radius? of circle

centered at (0,0)
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‘ K° — K° mixing |

e Strong interactions conserve strangeness

|K®) = |ds) |K®) = |ds)
CP |K") = |K") CP |K") = |K")

e K° and K° are states relevant to strong interaction processes,
e.g., m p—K°A (|A) = |sdu))
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e However, WCC can violate

F—uq WSt .—d strangeness and lead to K° — K°
K° W§ §W K° mixing at second order
d—" ’u,,tc, 7 ™ —g
N (MKO M12>
* _
M, Mgo

| 4%

3 d
KO w, et vt &0 ® Mgo= Mgoby CPT — tiny My,
d iImportant
W S

e 2 families — real M, — eigenstates

e Need GIM K+ K?°
Kl,=" ~KsL
om., ~ 1.5 GeV
predicted Am = mg, — mg, = —2M;,
e Severe constraint on G%‘ 2 2 2 p2
tree-level Z’, FCNC 47r2mc|VCd| Ves|"Fiem i
Higgs ~ 3.5x107% eV
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‘ C P violation I

e Assume C'P is conserved

CP |K") = |K") CP |[K° = |K")
K°+ K"
O |K£,2> =CP | V3 / — :I:Ki),z
CP|ntn™) = +|ntn™) CP|n’w?) = +|x7") for J =0
CP|37) = —|37) for J=Q =0

K%— 37

e Thus, Kg = K)— 27 (7s = 8.9x107 ' s); K, 5

(Ts = 5.2X107% s)

e Fitch-Cronin (1964): observed K;— 27 with B(Kp— 27) ~
2x1073— ¢P
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‘ C P violation and phases I

e C'P violation requires complex

observable phases s —e WOt .-d
K’ Wg éw K"
e Some phases unobservable: only d— wu,c,t s

overall phase of amplitude; can
absorb in phase of state

e Need interference between 5 144 d
amplitudes, e.g., diagrams involving K" uz[:]zt K’
all three families d

e Phase in CKM can generate
Im M5 # 0. Effect small due to
small mixings even if CKM phase
large
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e Toy example

Hepy = MoK KO+ | M| (€#?K° K° + e *?K° K*)

KO0, K0 mass

VO
complex mixing mass (indirect)

+ 1a| (ewKO + e_iBK'O) T

complex decay amplitude (direct)

e Absorb €?'? by K% = e'?K? and K = e **K° —

HAeey — g (ei(ﬂ—qb) KY 4 ¢~ 4B8-9) I_{°’> -

eff

= Vv/2|a

KO/ + KO/ KO/ I 72/
COS(/B _ ¢) \/5 —|—Z Sin(/6 _ ¢) \/5

e Observable ¢'P by phase difference 3 — ¢
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e Actual K g system; amplitude ratios

 A(Kp—7wtrn7)

p— e /

- = A(Kg—mtm—) €€

A(Kp—7ww0) ,

Moo = — € — 2€
A(Kg—m7m0)

— Difference because two isospin amplitudes for 27, I = 0 (large)
and I = 2 (small)

— € from mixing (indirect) and ¢Z'P in I = 0 amplitude (small)

— €’ from difference in I = 0 and I = 2 phases (direct—suppressed)

e Experiment: |e| = 2.284(14)x1073

e ¢//e = 1.67(26)x10~2 (only recently measured, CERN and FNAL)
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e Physical states

_ e|K9) + | K9
K1) = p|K®) — q|RY) = SF1 F 1Ko

V1t [EP
’ |KY) + €|Ky)
Ks) = p|K® + q|K°) = —1 2
|Ks) = p|lK®) + q|K") NiEnrE
p_ 1+e€
qg 1—¢€
e (' P parameters
: 4 Am Ag
e= _€_+1
mixing Re AO
I=0 decay

'1,(52 5 ) Re A2 Im A2 Im AO
Re AO Re A2 Re AO

strong

NO 045 I1=0,2 mlsmatch
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e Box diagrams

€box ~ IM (V;ﬁ:‘/td)F(mtv m., angles, QCD) K’ W§

~ 1 [(1 — p)F1 + F3]

e Hyperbola in (p,7) plane

15— 77— | SR AE — ——
[ | excluded area has CL >0.95

1

0.5

15 0 [l DR — | S

-0.5

-1
|  EPS2005 :

_1 5 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

-1 -0.5 0 0.5 1 1.5 2

p
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e ¢/ from direct CP violation
(i.e., in decay amplitudes)

e Believed dominated by
penguin diagrams (A, enhanced)

® ¢/e =1.67(26)x107 3 x 7]

e Roughly consistent with SM,
but large theory uncertainty
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‘ B° — B° mixing |

CLEO, LEP, Tevatron, BaBar (SLAC), BELLE (KEK)

e Strong interaction states

| By) = |db) |Bg) = |db) = CP|By)
| B,) = |sb) |By) = |sb) = CP|By)

e Mixed by second order weak (box diagrams)

|Br,) = pi|BY) — q;|BY), i=d,s
|BL,) = Pi|Bf?> + q'i|Bf?>

D _ 1—¢; =~ i
where o = 17z and €; ~ Im M}, <1
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e Observe Am,; = mpy,—my, by B— B oscillations (cf v oscillations).
eg., suppose initial state tagged as B,?

|'¢(0)> — |B,?> — (|BLz> + |BH7,>)

2p;

19 (¢)) ~ (| B )e ™t 4 | BHi>e—imHZ.t)
2p;

A ,,;t A it 1,5
~ COS ( m ) |B,?) + 2 sin ( m ) q |B,?)
2 2 Pi

e Measure Am; by time dependence (or integral) of decays, using
b—cl~ v, (from BY); b—cl* i, (from BY)

e Amg = 0.502(6) ps—! ~ 3.3x10"* eV x (1 — p)? + 772

e Am, > 14.4 ps—! oc 1 (QCD correlated — Amng theory error reduced)

— Measurement of Amg is major goal of Run Il
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‘ The C' P asymmetries in B decays |

e Many C'P asymmetries to determine angles of unitarity triangle,
but QCD uncertainties

e Cleanest: B°(B° —f, where f ~ CP eigenstate (up to CP

breaking)
CP|f) = £[f)

- eg. f = J/¥Ks, ntn~, pKs

o Let |[B°(t)) be time-evolution of state tagged as |B") at t = 0,
and similarly for |B%(t))
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e (' P-odd asymmetry
L'(B°(t)—f) —T(B°(t)—f)

O = B0 —1) + B —1)
(1= |A]*) cos(Amt) — 2 ImX sin(Amt)
B (1+ [A]?)
where X\ — p é_
qg A

<~

mixing decay
e Usually confused by sum over diagrams, with (C P-conserving)
strong phases (final state interactions) and (C P-violating) CKM phases

A= Z | Ay €0 el

A Z |A | 25a qua

strong CKM
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e Golden mode, B—J /1 Kg (only one significant diagram— no strong
interaction uncertainty)

b
C c
*
W N Vcs R ch*
b < D - S KO B—Btnixing ecay mlxmg
d =
Im A\ = — sin 2,6

e BaBar, Belle, ---: sin28 = 0.739(48)
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sin2 fresults from charmonium modes

(cc)K, (CP odd) modes 600 F ST
& | ‘ I S 400 | E Belle
< 200 BABAR é - 2003
- &2 NS
S -
%’ RS
=
+-—
0.5 € 05

: Z:r 0_5+ol.5‘<r<‘1.o" - ++ ~
s AN |

i = %ﬁ% I‘{»
""""""""" 05|

S i

8§ 6 4 2 0 2 A——=
Update for ICHEPO04 || B4BAR PUB-04/038 At(ps) Belle CONF-0436

in2/ = +0.722+0.040+0.023 |(c2)K2+ sin2/ =+0.728+0.056+0.023
im 0.950+0.031+0.013| (c2)K" ||A]|=|4/A4/=1.007 £0.041+0.033

Raw asymmetry
=)

1
=

Limiton 205/b"" on peak or 227M BB pairs 140 /™' on peak or 152M BB pairs
direct CPV 7730 CP events (tagged signal) 4347 CP events (tagged signal)
ICHEP04-4f
August 20, 2004 Marcello A. Giorgi ~ M.Bruinsma, T. Higuchi, CP-3 9
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e Many other modes studied

e Bontan—

— Would yield A = sin 2« if tree-level

only
— However, competition from
significant penguin — large

uncertainty

e Charmless decays (penguin-dominated),
b—sss, e.g., B—¢pKg (hint of
discrepancy?)

— SM loops; may be significant new
physics from tree (FCNC Z’, extended
Higgs) or enhanced supersymmetric
loops (large tan 3)
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+
U d
1%%
b = <
BO
d =
W _
d
B u7c9
0 S “
B Gg <_
d —— u
d
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sin(2B"/sin(2¢;") EEIE

PRELIMINARY
b—>ccs World Averdge ; * 0.69 = 0.03
PO ey gl G2 00508
X Belle : i k= : 0.44:0.27x0.05
= Average L okef] 0.47 +0.19
o BaBar L ol 0360132003
X  Belle : i i *- . 0620.120.04
= Average B 0.50 = 0.09
T , BaBar A N 0.957023.0.10
X Belle : 5 “ 0.47 + 0.36 = 0.08
> Average | : s 0.75 = 0.24
s,  BaBar T e & 0357055:004
x> Belle : ' { | 022:047+0.08
& , Average : 0.31 £ 0.26
x 1 .0.84+0.71+0.08"
: -0.84 = 0.71
» & BaBar i1k #1050 o5 = 0.02
¥ Belle H—0.95 + 0.53 *512
3 Average : | 0.63 = 0.30
¢ BaBar i '7'Jj)'21'1"'+'b'1é'"6'67"'"0"1"1"'
¢ Belle : e it 0i60 = 0.18 = 0.04 *013
o Average i | i 051=01470
Ve BaBar : P ok 0637055 = 0.04
<  Belle : : —  0.58+0.36 = 0.08
o Average | 0.61 = 0.23
-3 -2 -1 0 1 2 3

(HFAG: http://www.slac.stanford.edu/xorg/hfag/)
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‘ Conclusions I

Standard model, supplemented with neutrino mass (Dirac or
Majorana):

SU (3)xSU(2) xU (1) xclassical relativity

Mathematically consistent field theory of strong, weak,
electromagnetic interactions

Gauge interactions correct to first approximation to 10~1% cm
Complicated, free parameters, fine tunings = must be new physics
Promising theoretical ideas (e.g., string theory)

Exciting times ahead
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