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Every end is a new beginning...

. . “for the discovery of the origin of the broken
® Past: Ten years ago we did not know that the symmetry which predicts the existence of at
CKM picture was (essentially) correct least three families of quarks in nature”

O(1) deviations in C'P violation were possible

® End: Nobel Prize in 2008 is formal recognition
that the KM phase is esablished as the domi-
nant source of CPV in flavor changing transi-
tions of quarks

® Present: No significant deviations from SM

Makoto Kobayashi Toshihide Maskawa

® Begin: Looking for corrections to the SM picture of flavor and C' P violation

[ What can flavor physics teach us about beyond SM physics?
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What is particle physics?

® Central question:
L =7

... What are the elementary degrees of freedom and how do they interact?
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What is particle physics?

® Central question:
L =7

... What are the elementary degrees of freedom and how do they interact?

® Most of the observed phenomena consistent with the standard model (SM)

® (Clearest empirical evidence that SM is incomplete:

— Neutrino mass [can add in straightforward (albeit unnatural) way]
— Dark energy [cosmological constant? need to know more to understand?]

— Hierarchy problem [is there an elementary Higgs? why so light? aesthetical?]
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What is dark matter? ‘

You MADE IT
ALL ©OUT OF

QUA R K 5 ° 74% Dark Energy

® Overwhelming evidence for DM: rotation curves, gravitational lensing, cosmology

®
Know: non-baryonic (BBN), long lived, neutral (charge, color), abundance
Don’t know: interactions, mass, quantum numbers, one/many species

® Maybe thermal relic of early universe: weakly interacting massive particle (WIMP)

~
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Matter—antimatter asymmetry

® Gravity, electromagnetism, strong interaction are same for matter and antimatter

—_—
e T
e
S——,
R —————.

® Soon after the big bang, quarks and anti- =—=—3

quarks were in thermal equilibrium

M

N (baryon) 10-9
N (photon)

® The SM prediction is 10° times smaller

® Solution may lie at the TeV scale
May learn about it at the LHC and from precision flavor physics measurements
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Discrete symmetries: P,C,and T

® Discovering “new” symmetries / violation of “old” symmetries often lead to more
fundamental understanding — may imply presence of new interactions

® P = parity (¥ < —7)
(' = charge conjugation (particle < antiparticle)
T = time reversal (t + —t, initial « final states)

C'PT cannot be violated in a relativistically covariant local quantum field theory

~
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Discrete symmetries: P,C,and T

® Discovering “new” symmetries / violation of “old” symmetries often lead to more
fundamental understanding — may imply presence of new interactions

® P = parity (¥ < —1)
(' = charge conjugation (particle < antiparticle)
T = time reversal (t + —t, initial « final states)

C'PT cannot be violated in a relativistically covariant local quantum field theory

(R VP
" ? T~
7 v
1 JC
1v b M
+ ﬁ +
m P T
bt v
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Discrete symmetries: P,C,and T

® Discovering “new” symmetries / violation of “old” symmetries often lead to more
fundamental understanding — may imply presence of new interactions

® P = parity (¥ < —1)
(' = charge conjugation (particle < antiparticle)
T = time reversal (t +» —t, initial < final states)

C'PT cannot be violated in a relativistically covariant local quantum field theory

(R 1
® Only vy, and vy participate in weak interaction (1956) - ?
Weak interactions maximally violate C' and P 73
(= Nobel prize 1957) ¥ .[C
(V4 M
o + é +
m P m
Tv
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Telling matter from anti-matter

® ('P violation well established in kaon decays since 1964 (= Nobel prize 1980)
Roughly consistent with SM, but theoretical uncertainties preclude precision tests

Simplest example: T'(KY — et + X) > T(K? — e~ + X)

Can “define” matter: smaller probability to produce e~ than et in K; decay
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Telling matter from anti-matter

® ('P violation well established in kaon decays since 1964 (= Nobel prize 1980)
Roughly consistent with SM, but theoretical uncertainties preclude precision tests

Simplest example: T'(KY — et + X) > T(K? — e~ + X)

Can “define” matter: smaller probability to produce e~ than et in K; decay

® “Practical” issues:

Can tell if spaceship is made of matter
or anti-matter... to avoid annihilation

Matter / antimatter are distinguishable

~
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Matter—antimatter asymmetry

N (baryon)

® How could
N (photon)

10~ be generated dynamically?

® Sakharov conditions:

1. baryon number violating interactions
2. C'and CP violation
3. deviation from thermal equilibrium

® SM contains 1-3, but:

I. C'P violation is too small
l. deviation from thermal equilibrium too small at electroweak phase transition

® New TeV-scale physics can enhance both (e.g., SUSY)

® \What is the microscopic theory of C'P violation? How can we test it?
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Outline (1)

® Brief introduction to the standard model

Weak interactions, flavor, CKM

® Testing the flavor sector

Bits of history, K decays, recent D mixing results

® Mixing and CPV in neutral mesons
Types of CPV, how to get clean information
Examples: 5 from B — v K, ¢K, B; — ¢¢; v from B —+ DK and B, —+ DTKT

® Constraining new physics in mixing

Sizable corrections to the SM are still allowed

~
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Outline (2-3)

® [sospin and SU(3): a from B — 7w and pp

® Heavy quark symmetry and OPE

Spectroscopy, exclusive / inclusive decays, |V.|, |Vusl
Rare decays, B — X, and friends

® Nonleptonic decays, factorization
B decays to final states with & without charm

Flavor symmetries and new physics
Lepton flavor violation
FCNC top decays

Minimal flavor violation
Flavor at high-pr

® Conclusions

CPV & CKM
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Preliminaries

Dictionary: SM = standard model NP = new physics

CPV = CP violation UT = unitarity triangle

Disclaimers: | will not talk about: the strong C'P problem ?6 >
v
lattice QCD
detailed new physics scenarios

F,,F"

Most importantly: If | do not talk about your favorite decay mode [the one you are
working on...], it does not mean that | think it’s not important!

Many books and reviews, e.g.:

G. Branco, L. Lavoura and J. Silva, CP Violation, Clarendon Press, Oxford, UK (1999)
Y. Grossman, ZL, Y. Nir, arXiv:0904.4262; A. Hocker, ZL, hep-ph/0605217; ZL, hep-lat/0601022

~
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The Standard Model briefly




Ingredients of a model

® Need to specify: (i) gauge (local) symmetries
(i) representations of fermions and scalars

(i) vacuum — spontaneous symmetry breaking

® [ = all gauge invariant terms (renormalizable, d < 4)

Everything follows, after a finite number of parameters are fixed from experiments

® |mplicit assumptions: Lorentz symmetry and QFT; No global symmetries
imposed; Accidental symmetries can arise in absence of higher dimension terms

® Higher dimension terms are suppressed at low energies
(We are modest and not worry about details of physics we cannot probe)

If higher dimension operators are present = new physics at a higher scale

~
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Standard model tidbits

® Gauge symmetry: SU(3). x SU(2)r x U(1)y (internal symmetry made local)
“forces” strong & electroweak interactions
Carriers: 8 gluons, W=, Z9, ~ [spin-1]

® Particle content: 3 generations of fermions (indistinguishable to start)

t e T
“charges” quarks: “oe leptons: Ve P ¥ [spin-1]
d s b e U T

3 colors, strong int.

O SU2), xU(1l)y — U(1)gm

0
Nonzero vev of an SU(2) doublet scalar: (¢) = ( /\@)
(V)

® Strongly interacting particles observed in Nature have no color; quarks confined
mesons: 7t (ud), K°(5d), B° (bd), B (bs); baryons: p(uud), n (udd)

~
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The identities of quarks

® Hamiltonian = want to determine eigenstates, eigenenergies

Degeneracy = unresolved ambiguity in naming things

— degeneracy broken by perturbations = “good” states
— degeneracy unbroken = symmetry?

Some perturbations break degeneracies and assign identities

® The quantum numbers of u, ¢, t are identical, so are those of d, s, b

Degeneracy under choosing “good” combinations: ¢* = . Ui; ¢’
Ambiguity in assigning identities to particles: are ¢* or ¢* fundamental?

O — where do they come from?

[Only known difference between the 3 generations of particles = “flavor physics”]

~
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Masses of elementary particles

® Quark and lepton representations of SU(3). x SU(2)r x U(1)y

quarks: [Qr(3,2)1/6, ur(3,1)2/3, dr(3,1)_1,3] x 3 copies
leptons: [L1(1,2)_1/2, ¢r(1,1)_1] x 3 copies [vr(1,1)0 7]

® Problem: SM gauge symmetries forbid ma») fermion mass terms (also W=, Z9)

Loophole: the vacuum can also be charged Q(3,2)16 Y4 u(3,1)y3
|

“Higgs condensate” has SU(2) x U(1) charge :¢(1 215

(also gives mass to W=, Z°, but not to ) X

® Mass is an interaction with something unknown

® Simplest explicit model: Higgs = SU(2), doublet scalar field
after it acquires a vev = one physical Higgs boson

~
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The missing piece: Higgs

® Inthe SM: mg < 1TeV

6 AugustZ{)OQ “ ,_Imt‘—.157 GeV
No known spin-0 elementary particles o |
° ahad =
. 9] L L —0.02758+0.00035 a
Electroweak precision measurements —> ] L 4 0,027494000012 |
(LEP, SLC, Tevatron): mpg < 200 GeV 4 - % Gees incl. low Q7 data -
® |f H has SM-like production cross sec- N21< 3- -
tions and decays, the LHC will find it !
2_ —
® Quark masses: couplings to Higgs 1
de se Dbe 1—_ —_
e - - 0 Excluded W 4 Preliminary
30 100 300
ee ue tTe
| \ \ | | m [GeV]
< ® —
® ® ®
< < <
CPV & CKM >~ A
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Terms in the SM Lagrangian

N 1 —
® Kinetic terms: Ly, = -3 § (FL)P+ E Y ilp ) (3 param’s: g, ¢, gs)
groups rep’s

always CPC (ignoring F F)

® Higgs terms: Luiges = |Dud|* + 12¢'d — M(oT9)? (2 param’s; v2 = p2/\)
CPC if 3 only one Higgs doublet — CPV possible with extended Higgs sector
® Yukawa couplings in interaction basis: (this is where flavor is)
Ly =-YAQL, pdh. — YU QL duk, — VS LE ¢tk +hee.
i, j ~ generations N ( 0 1) 5
(cannot write such mass term for v;) - \-1 0

® CPV is related to unremovable phases of Yukawa couplings:

Yij¥ri 0 Vrj + Y55 R 0T U
J CP exchanges fermion bilinears

Yij YR oV L + Y Vi PUR;

~
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Yukawa couplings and CKM matrix

® SM is the simplest scenario: Higgs background = single scalar field ¢

e e o i L
Ly = -YIQL dub, — Y7 QL ¢d, i=(" )¢

® de = 3 x 3 are complex matrices = mass terms after ¢ acquires VEV

Linass = =M ul wh — M7 dl df.,  Muax Yua
Diagonalize: M =V, My V], (f = u, d)

Mass eigenstates: fr; = V{3 L., fri=Vip [k

® Mass matrices diagonalized by different transformations for u;; and d;, which

are part of the same SU(2),, doublet, @y, so: (’Ui) R ( oy )
dy, b (VuLVdTL)jk; drk

® Charged current weak interactions become off-diagonal: / CKM matrix

dr,
g I 9 (— — —
~S QLA Wi QL+ hee. = -7 (uL, L, tL) WV, Vi) (3L> +h.e.

CPV & CKM
ZL—p.1/7 . 2010 Saveurs Lourdes | m




Aside: counting flavor parameters

® Nonzero Yukawa couplings break flavor symmetries — pattern of masses and
mixings are inherited from the interactions of fermions with the Higgs background

® Quark sector: U(3)g x U(3), x U(3)q — U(1) quark (baryon) number

[36 couplings] — [26 broken symmetries| = 10 parameters with physical meaning

= [6 masses| + [3 angles] + [1 phase]

® Lepton sector (Majorana v's): Ly = —Y7 LI ¢ ek, — % LpLy ¢ (V7 =Y])
U(3)r x U(3). completely broken

[30 couplings] — [18 broken symmetries| = 12 parameters with physical meaning

= [6 masses] + [3 angles] + [3CPV phases]

~
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Quark mixing and the unitarity triangle

® The W= couples (u, ¢, t) and (d, s, b) with strength: (A ~ 0.23)
Vud Vus Vub - %)\2 A A)\?)(p T /”7)
Vekm = | Vea Ves Vo | = —A 1 — N2 AN? + ...
Viae Vis Vi AN (1 — p—in) —AN 1
CKM matrix

One complex phase in Vo only source of C'P violation in quark sector
9 complex couplings depend on 4 real parameters = many relations

® Unitarity triangle: simply visualize SM constraints and compare measurements
(p.M)

Vua Vi +VeaVy + VgV =0

Via Vi
Via Vis

Sides and angles measurable in many ways

CPV in SM « Area
Y=10,
(0,0) (1,0)

Goal: overconstrain by many measurements
sensitive to different short distance physics

~
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Weak interaction properties

® Only the W interactions change the type of quarks

Interaction strength is given by Cabibbo-Kobayashi-Maskawa
(CKM) quark mixing matrix, V;;, 3 x 3 unitary matrix

® Flavor changing charged currents at tree level

U d
eg.. K -mmor K — mlv 8
No flavor changing neutral currents (FCNC) at tree level
e . d d
e.g.: no K'— K% mixing, K — puu—, etc.
(Show that Z" interactions remain flavor conserving in the mass basis) > N
® FCNC only at loop level in SM; suppressed by (m? —m?2)/m3, ° N W » g
e.g.: KY— K" mixing used to predict m,. before its discovery . .

® FCNCs probe differences between the generations

CPV & CKM A
i
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Summary — standard model

® The SMis consistent with a vast amount of particle physics phenomena
— special relativity + quantum mechanics

— local symmetry + spontaneous breaking

® “Electroweak symmetry breaking” what breaks SU(2)r, x U(1)y — U(1)gm

What is the physics of Higgs condensate? What generates it? What else is there?
= The LHC will directly address this (produce h)

® “Flavor physics” what breaks U(3)g x U(3)u X U(3)a — U(1)Baryon

Which interactions distinguish generations (e.g., d, s, b identical if massless)?
How do the fermions see the condensate and the physics associated with it?
=- C'P violation and flavor changing neutral currents are very sensitive probes

~
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Testing the flavor sector




Spectacular track record

® Most parameters of the SM (and in many of its extensions) are related to flavor

® Flavor physics was crucial to figure out Lgum:
— [-decay predicted neutrino (Pauli)
— Absence of K;, — uu predicted charm (GIM)
— e predicted 3rd generation (KM)
— Amy predicted m. (GL)

— Amp predicted large m;

® |ikely to be important to figure out Ly uc too — excellent probes of new physics

If there is NP at the TEV scale, it must have a very special flavor & C'P structure

CPV & CKM
*£ 2010 SaveursLourdes
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The low energy viewpoint

® At scale m,, flavor changing pro- weak/NP scale ~ 5GeV

cesses are mediated by dozens of 8 —»>—t+—>—4 -

- X/ - —) CL@ 2@

higher dimension operators 4 — 3 2 @ ><( dea(d8),cn
£ s

r > _ Loy
Depend only on a few parameters "“T; — Z S ol Eg

in the SM = correlations between ¢ 1\<§:% Y oy T \ @e),, (2v),,
s,c, b, t decays

Vv

Vid

ts

Amg b—dy b— dite
Amg b— sy b — sl

E.g.: in SM

X

, but test different short dist. physics

® Does the SM (i.e., integrating out virtual W, Z, and quarks in tree and loop dia-
grams) explain all flavor changing interactions? Right coefficients and operators?
— Changes in correlations (B vs. K constraints, Syx, # S¢x g, €tc.)
— Enhanced or suppressed C'P violation (sizable Sp,_ ;¢ OF Ay s, €tC.)
— Compare tree and loop processes — FCNC's at unexpected level

~
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How do we know that C' P is violated?

® Prior to 1964, the explanation of the large lifetime ratio of the two neutral kaons
was C'P symmetry (before 1956, it was C' alone...)

KV =35d, |[KY) =ds, CP|K®) = +|K°) (convention dependent)

states of definite CP: |K; ) = 7(|K0> + |K°))
CP|Ky) = |Ky), CP|K3) = —|K3)

only Ki — o

If C'P were an exact symmetry: both Koo s
1,2 T

} = T(Kl) < T(KQ)

® But K; — mm was observed (1964) at the 10~ levell  (not the goal of the exp!)

m0n0 | H| K Tt |H|K _ _
oo = EWOWOIHEKS == §w+w—=%IK§§ ex =5 (Moo +2n4—) €% =35 (N4— — Noo)

Took < 1yr to propose superweak, but 9 till KM (before 2nd generation complete!)

~
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Ami, e are built in NP models since 70’s

m? d w4
® Inthe SM: Amg ~ a2 |VosVeal?
mW u,c,th \u, C,t
(severe suppressions!) s L ow | s

® |f tree-level exchange of a heavy gauge boson was responsible for a significant
fraction of the measured value of Amg

= Mx 2 g x2-10° TeV

My | | .9 Aden

Similarly, from B° — B® mixing: Mx = ¢ x 3-10% TeV

® Or new particles at TeV scale can have large contributions in loops [g ~ O(1072)]

(In- many scenarios the constraits from kaons are the strongest, since so is the
SM suppression, and these are built into models since the 70’s)

~
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Aside: K°- K° mixing in supersymmetry

. (Amg)SUSY o (1 T~eV>2 (Am12) Re[(K)12(K%)1s)

(Am g )P m m?
K7 (g’

For ey, replace: 104R€[(Kg)12(K%)12} = 100 Im[(Kg)lg(Kf_—l{)lg]

mixing in gluino couplings to left-(right-)handed down quarks and squarks

® (Classes of models to suppress each factors
(i) Heavy squarks: m > 1TeV (e.g., split SUSY)
(ii) Universality: Am@ 5 < m* (e.g., gauge mediation)
(iii) Alignment: |(K{ 5)12| < 1 (e.g., horizontal symmetries)

® Has driven SUSY model building — all models incorporate some of the above

e D'— DY mixing discovery (BaBar & Belle, 2007) ruled out (iii) as sole explanation

CPV & CKM
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Testing CKM with Kaons

® CPV in K system is at the right level (ex accommodated with O(1) CKM phase)

® Hadronic uncertainties preclude precision tests (¢, notoriously hard to calculate)

® K — mvw: Theoretically clean, but rates small B ~ 10719(K*), 10~ 11(K})

(((A>m?)+i(A°m7) t: CKM suppressed "\ d
Ax { (Am?2)+i(N>m?) c: GIM suppressed \%,t
Z

(A Adep) u: GIM suppressed

v

So far 3 events observed: B(K* — ntvp) = (1.7371°52) x 10710

Only an upper bound: B(K; — n%vi) < (2.6 x 1078 (90% CL)

CPV & CKM
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Constraints on CKM matrix

® For 35 years, untill 1999, the only unambiguous measurement of CPV was ¢

09 -
08 -

Amgy .7
.

.
R
Amgg .27 "
Bs,” ¢
.
k4

(BABAR Physics Book, 1998)

15 B T 17T T T T | T T I%l 1T 177 | T T T | T T T |
| excluded area has CL > 0.95 ' %% |
B v i
1.0 — : 3 Amg& Amg ]
~sin2p ;
0.5 > .
N d ]
— ////// 4 -
0.0 -_O(, """" S 7]
v g ;
-0.5 — bicy ]
- :
-1.0 - €k 4
: % i 'Y sol..w/'cos 2B <0 :
= ICHEP 10 (excl. at CL > 0.95) —
1.5 Lo b v b b by g
-1.0 -0.5 0.0 0.5 1.0 15
p

2.0

® sin2f = 0.673+0.023 — by now dozens of CPV measurements, so the interesting
question is in which cases can both theory and experiment be precise
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The D meson system

® Complementary to K, B: CPV, FCNC both GIM & CKM suppressed =- tiny in SM

— 2007: significance of mixing >50  [HFAG combination]

= 2

(]

e .m
FPCP 2010

>

— Only meson mixing generated by down-type quarks ~ '®

CPV allowed I

(SUSY: up-type squarks) ‘
— SM suppression: Amp, AI'p $1072T, since doubly- -
Cabibbo-suppressed and vanish in flavor SU(3) limit § e
— CPV (mixing or direct) > 10~ would be sign of NP |

5 0 05 1 15 2
X (%)

(x = Am/T", y = AT'/2I')
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The D meson system

® Complementary to K, B: CPV, FCNC both GIM & CKM suppressed =- tiny in SM

— 2007: significance of mixing >50  [HFAG combination]

E so% Eé
— Only meson mixing generated by down-type quarks £ ™ 4
(SUSY: up-type squarks) %

— SM suppression: Amp, AT'p <1072T, since doubly-
Cabibbo-suppressed and vanish in flavor SU(3) limit -

— CPV (mixing or direct) > 10~ would be sign of NP o

R Y S R B R R Y RN R TR
. la/pl
— To do: Precise values of Am and AI'? . . f
. . ot yet known | ~ 1
Is CPV detectable in mixing and decays? / /7l

® Particularly interesting for SUSY: Amp and Amyg = if first two squark doublets
are within LHC reach, they must be quasi-degenerate (alignment alone not viable)

CPV & CKM
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Important features of the SM

® All flavor changing processes depend only on a few parameters in the SM
= correlations between large number of s, ¢, b, t decays

® The SM flavor structure is very special:

— Single source of C'P violation in CC interactions

— Suppressions due to hierarchy of mixing angles

— Suppression of FCNC processes (loops)

— Suppression of FCNC chirality flips by quark masses (e.g., Sk+~)

Many suppressions that NP might not respect = sensitivity to very high scales

® [t is interesting and possible to test all of these

CPV & CKM
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What’s special about B’s?

® | arge variety of interesting processes:
— Top quark loops neither GIM nor CKM suppressed
— Large CP violating effects possible, some with clean interpretation

— Some of the hadronic physics understood model independently (my > Aqcp)

® Experimentally feasible to study:
— T(4S) resonance is clean source of B mesons
— Long B meson lifetime

— Timescale of oscillation and decay comparable: Am/I' ~ 0.77 [= O(1)]
(and AT’ <« T)

~
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Mixing and CPV in neutral mesons




Neutral meson mixing

® Quantum mechanical two-level system; flavor eigenstates: |B%) =|bd), |B°) =|bd)

® Evolution: 7;% (:ggggi) _ (M _ %p> (:ngEgO

Mass eigenstates: |By.1) = p|B°) T q|B°)

M, I': 2 x2 Herm|t|an matrlceS (CPT ImplleS Mq1 = Moo and I'; = Fzg)
M5 dominated by box diagrams with top quarks = sensitive to high scales

Time dependence involves mixing and decay: |By 1 (1)) = e~ MuLHTHL/DY By 1)
o FOI’ Bd)s: |F12| << |M12| = Am = 2|M12|, AF = 2|F12| COS ¢12, ¢12 = arg(—Mlg/Flg)
In SM: (q/p) —2i84conv.dep. i 0(10 ) (Q/p)BS — 6’[iny—|—conv.dep.

® Sizable hadronic uncertainties in Am and especially , but not in arg(q/p)

~
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Effective Hamiltonians

® [nteractions at high scale (weak or new physics) produce local operators at lower
scales (hadron masses)

Consider, e.g., B — BY mixing:
> AR

b W | d
—
Yt tA
LA N . Q(u) = (br v dr) (br v dr)

New physics can modify coefficients and/or induce new operators

® (Going from operators to observables is equally important

G2 2 o
SM: M= (Vi o T 5 (Y bal) (B1QU0 B

what we are after calculable perturbatively nonperturbative
nebp(u): Resumming a In"(mwy /u), where u ~ my, is often very important

(BY1Q(w)|B%) = 2m? f3 B(B> hadronic uncertainties enter here

~
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Aside: importance of |I'12| < | M1,

® New physics in mixing modifies M;2; new CPV phases may alter ¢ = arg(q/p)
Observing ¢ different from the SM prediction may be the best hope to find NP

Bd,si ' < Mo, K: Mo ~ 19, D: I'iy9 ~or > Mo

Solving the eigenvalue equation:
— If Am > AT, the CPV phase can be LARGE: ¢ = arg(M5) + O(I'%,/M?%,)
— If AT > Am, the CPV phase is smaLL: ¢ = O(M%,/T7,) x sin(2 ¢12)

® If A" > Am then even if new physics dominates M;5, the sensitivity of any

physical observable to it is suppressed by Am /AT

® Another reason to pin down Amp; while AI'p # 0 at > 50, Amp # 0 is barely
more than 20 — will affect sensitivity to NP

CPV & CKM
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B, mixing: V;4/V;s from Am

e BY-BY oscillate 25 times on average before they decay — challenge to measure

1.5 T 17T T 1T 17T | T T T 1T T 17T
CDF Run Il Preliminary L=1.0fb" EEREE ‘”’5! % 1
3 °F data+1c A 95%CLIimit  17.2ps’ - U % i
- e datat 1o %o imi .2 ps oL : o) -
%_ 1.5 16456 O sensitivity 31.3 gsﬁ 10& . 1 Amg & Am; ]
£ C ) datat 16456 - sin2p - // 7 ]
< 1 E data + 1.645 o (stat. only) 05~ // < { Amy o
0'5 o ZSK / s
0 :~ T .,_, ‘ =" 00—t e , --------------------- y
0-5 i_ 0.5 :— | 2 j 4 i
-1 i_ :
15F -1.0 :— sK _:
_20 5 10 15 20 25 30 35 15 IR R | Lo L b g | T I
1.0  -05 0.0 0.5 1.0 1.5 2.0
Amg [pS_1] P
® Am, = (17.77+£0.10 £ 0.07)ps™!  [coA Y
. _ Largest uncertainty: & =
Uncertainty o(Ams) = 0.7% is already Bd\/
smaller than o(Amg) = 0.8% Lattice QCD: £ = 1.24+0.04+0.06

~
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CPV in decay

® CPV in decay: simplest form of CPV — count events

: need amplitudes with different weak (¢;) & strong (d,) phases
Ap = (fIHIB) = > Age'r e’ Ag = (fIH|B) = 35, A e’ e %

® Unambiguously established by €% # 0, and since 2004 also in B decays:

I'B— K ") -I'(B— K'n")
= = —0.098 4= 0.012
I'B— K-nt)+T(B - K+r—)

K—nt

— After “K-superweak”, also “B-superweak” excluded: CPV is not only in mixing

— There are large strong phases (also in B — K *); challenge to some models

Sensitive to NP in cases when SM prediction is model independently small

~
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CPV in mixing

® If C'P is conserved then physical states are % (|1B?) + |BY)), corresponding to
l¢/p| = 1 and arg(Mi2/T12) = 0 — CPV if (mass eigenstates) # (C'P eigenstates)

|2| # 1 = CPV in mixing occurs iff: (Bg|Br) = |p|? — |q|* # 0
q

® Simplest example: decay to “wrong sign” lepton (“dimuon asymmetry”)

_T[B(t) = ¢ X] ~T[B°(t) = ¢ X] _ |p/al® —la/pl> _ 1—la/pl' _ Ti
St ['[BO(t) = ¢+X] +T[B%t) — ¢-X] |p/al>+la/p? 1+ |q/pl* M

Observed in K decay in agreement with SM — intriguing hint at DG in B, mixing

® | arge hadronic uncertainties in calculation of I';5, but interesting to look for NP:
T12/Mis| = O(mi/m3,) model independently
aI'g(Flg/Mlg) —= (’)(mg/mg) N SM, maybe 0(1) with NP

~
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CPV in interference between decay and mixing

® Can get theoretically clean information in some )
cases when B and B decay to same final state | 5’ Jer

y

2> |

q Afcp T a/p BY
p AfCP

\j

Br,m) =p|B°) £q|B%) A

fep —

® Time dependent C'P asymmetry:

_D[B(t) = f1—T[B(t) = f] _ 2ImA; 1P
Afrp = FB() 5 f| L TB0) = TP sin(Amt) EDYE cos(Amt)
St Cr (=4y)

® [f amplitudes with one weak phase dominate a decay, hadronic physics drops out

® Measure a phase in the Lagrangian theoretically cleanly:

at.» = Nfsp sin(phase difference between decay paths) sin(Amt)

~
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Quantum entanglement in Y (4S) — B'B°

® B°BY pair created in a p-wave (L = 1) evolve coherently and undergo oscillations

Two identical bosons cannot be in an antisymmetric state — if one B decays as
a BY (BY), then at the same time the other B must be B° (BY)

® EPR effect used for precision physics: u
Coherent B°B° production : Jlw 11 z e
BO rec
1(49) rec 4] T Fully
/ | Ks reconstructed
e e —
Btag | |
|
Measure B decays and Az ) 1 -
At ~ AZKBvye
(AZ) ~ 250um ~ Flavor tagging |

® First decay ends quantum correlation and tags the flavor of the other B at ¢t = ¢,
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Asymmetric colliders

... to measure time dependence of decay after the collision



Hadron colliders — no quantum correlation

e BY with sufficient boost to study CPV at Tevatron & LHC (+ Belle data on rates)

opposite
side kaon -
& fragmentation
_ i kaon *
K ! K
D meson L
T G 3 i .
b hadron K
P.V. | BY | S E K™
i L“. i Ds i
> -
: m
ct= LIFT—?

® g9, q7 — bb: measure flavor of a b hadron, and flavor of BY as a function of time

Need excellent time resolution, and fully reconstructed BY to know its boost
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The cleanest case: B — ¥ K

® Interference of B — ¢ K° (b — c¢es) with B — B — ¢ K° (b — c¢5)
Amplitudes with a second weak phase strongly suppressed
(unitarity: Vi Ve + Vo VZE + ViV, = 0)
Ayrg =V Vi (T7) + Vi Vg {(“P7)
N Y~ N~ —
O()\2> «1” O(A—l) 048<2mc)
First term > second term — theoretically very clean

Syig = —sin[(B-mix = —23) + (decay = 0) + (K-mix = 0)]

Corrections: |A/A| # 1 (main uncertainty), ex # 0, AT'g # 0
all are few x10~3 = accuracy < 1%

® \Norld average: sin28 = 0.673 & 0.023 — better than 47!

® |arge deviations from CKM excluded (e.g., approximate C'P in the sense that all
CPV phases are small) — Look for corrections, rather than alternatives to CKIV

~
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C P violation in B — J /v K¢ by the naked eye

® (P violationis an O(1) effect: sin2p = 0.673 + 0.023
450

Events /(0.4 ps)

[

[

Lhn
IIII|IIII

Raw asvmmetry
1 f ‘I

At|ps|
| T[B°(t) — ¢K] — T[B(t) — ¢ K]
Yer T TBY(t) — ¢K] + DB (t) — ¢K]

= sin 23 sin(Am t)

® ('P violation is large in some B decays — in K decays it is small due to small
CKM elements, not because C'P violation is generically small

~
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Similarly: 3, from B, — 9 ¢

® Next key measurement: time dep. C'P asymmetry in By, — ¢ (analog of sin 23)

In SM: 58 = arg(—Vts t}k)/vcs

*) = 0.019 =+ 0.001

® CDF & D@ hints at possible deviation:

The B, “squashed” UT:

HFAG 010
CDF 1.35fb '+DQ@ 2.8fb * ity T T T e rrmeram
—~ 06 ——— - - ' %
. 68% CL — y
95% CL — A
— 0.05 —
ch 99.7% CL — R
q %% ' :
( i=" 0.00
————————————————————————————————————————————————————————————————————————————————————————————————— L :‘ B,
p-value = 0.031 0.05 = sz
2.20 from SM -
] £ y
. sol. w/ cos < : fl
12.2397; D@, arXiv:0802.2255 | w2
-06 1 : 1 1 1 1 L 1
-3 -2 -1 0 1 2 3 019 00 -0.05 0.00 0.05 0.10
J o J 5
¢s /e - _263 /e [rad] ps

® No big change in results at ICHEP, no combination yet = key LHCb measurement
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B — ¢ K and B, — ¢¢ — window to NP?

® Measuring same angle in decays sensitive to different short distance physics may
give best sensitivity to NP

Amplitudes with one weak phase expected to dominate:

Z:Vcbvg; [Pc_Pt+Tc]+Vubqus [Pu—Pt+Tu]
R/—/ - ~ - \ ~ 7\ ~ 7
O(\2) “1” O(\%) O(1)

SM: SCbKS — S¢K and chKS < 0.05

NP: S¢r # Sy possible
Expect different S, for each b — s mode

NP could enter S, x mainly in mixing, while S,k through both mixing and decay

® [nteresting to pursue independent of present results — plenty of room left for NP

~
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‘ Status of sin 253.s measurements

End Of 2009

sin(ZBeff) = sin(2(|)iff) @ sin(2B*") =sin(20;") vs Cp=-Ap

PRELIMINARY CCP = _ACP PRELIMINARY
bSccs  World Average : i i 0671002 :
"""" o BaBar v S T T T 0265026 £0,037 0.8 -
X Bele ; é ; 0.90 t‘é e
< Average: : i : 0.56 *5'18
[ 7 BaBar v T = T TTT057+20.08£0.027
X Belle : B ' 0.64+0.10+0.04 0.6
= ¢ Average: : . : 0.59 £ 0.07
"""" D T e i S e O R
x"’ Belle : —— [ ‘' 0.30+0.32+0.08
» Average: : : 0.74£0.17 0.4
[ o X "'BaBar v T o HESeE T 0551 0.20 £ 0.037
X< Belle : — . 0.67+0.31+0.08
R Average. . . e 0.57+0147 0.2
o BaBar (Y] il i1 G.SSTEjzgi0.0Gt0.0S .
o>< Belle ; 0.64 %9353 £0.09 £0.10
o Average': : : ; 54 105
. BaBar v T V= 0’.55‘.&3850.02" 0 F----------
X Belle — 0.11+£0.46 £ 0.07
3 Average ! ; ; : 0.45+0.24
""""" o BaBar VT 060*018
X Belle : : ! 0.63 +81? —O 2
©  Average'! : : ; 0.62 '3
[ Sé” """" BaBar FE — — 048+ 0521 0.06 £0.70"
N Average : = —t : 0.48 +£0.53
""""" BaBar v T R 0,20 %052 0.07 £0.07 -04
L o 020053 ] 1K
072F0.71£0.08 0
; L] K —_
,,,,,,,,,,,,,,,,, 0.72£071 06k P s — |
0 43 O X o K,
1 . -0.52
» B C0.0f £0310:05£0.09 (R f0+K o i
; verage : 0.01+0.33 N K'K K p— |
""f"OK'"E}’:iﬁai’g """""""""""""""""""" :'7""?""0.’86&'0'.08£0602§" -0.8 | | | | | |
B ¢ elle ' “] 0.68+0.15+0.03 Ty 73
< Average! i) 0.82.£07 04 02 0 02 04 06 ( gﬁgff) 1 207
< - sin = sin(204
-2 -1 0 i 2 Contours give -2A(In L) = sz =1, corresponding to 60.7% CL for 2 dof

Earlier hints of deviations reduced, e.9., Syx — Serg = 0.11 £0.17
It is still interesting to significantly reduce these experimental uncertainties
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~ from B* — DK™

® Tree level: interference of b — cus (B~ — DYK~) and b — ués (B~ — DK ™)

Extract B & D decay amplitudes from data; many variants depending on D decay

® Problem: large ratio of interfering amplitudes, NS --- D(") K() GLW + ADS
igr s . crerio . --- D(*) K(*) GGSZ [ Combined
SenSItIVIty CrUCIa”y depends On: 0 Full Frequentist treatment on MC basis e QKM fit
rg =|A(B~ — D'K~)/A(B~ = D°K7)| ~ 0.1 " | | ;
® Best measurement so far: D, D® — Kgntn™ + ol i
— Both amplitudes Cabibbo allowed; g A\ o
— Can integrate over regions in Dalitz plot om e e w w9
Y (deg)

More data: besides reducing error of ~, test/refine the D decay model

® Measurement will not be theory limited at any conceived future experiment

~
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~: some other methods

® BT - K*D [GLW]: theoretically very clean, experimentally hard

V2A(BY — K+DY) A(B* = K+DY) (only assumes no CPV in D sector)

A(BT - K*tD% = A(B~ — K—D°)

A(BY — K+D%| A
|A(B+ — K+D°| N,

® B+ - K+*(D° D% — K*f [ADS] (f can be two- or multy-body)
ldea: BT — KtD® — K+ f doubly Cabibbo suppressed } comparable
Bt — KTD% — K*f Cabibbo allowed amplitudes

Using n different B — DK X; decays and k different D — f; states, n+k unknown
amplitudes and n x k observables; or measure D — f amplitudes separately

~
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Only LHCb: ~ from B, — DTKT

® Same weak phase in each B, B, — DT KT decay = the 4 time dependent rates
determine 2 amplitudes, a strong, and a weak phase (clean, although |f) # |fcp))

Four amplitudes: B, 4 DYK~ (b— cus), B, 5 Kt™D; (b— ucs)
B

Bs B DK+ (b— wus), B K-DF (b ucs)
Ap+ - A (VcbVJS> Ap g A (Vuch*s)
Aprr- A2 \ V5 Ves ’ Ap-r+ A1 \ViVus

A and A,

“Vis\~ (Vs Vi \ [ ViV (o
A A = tb’ts cv " us ub¥es |\ _ —2i(v—28s—PBk)
DY K= "Dy K (V%bV{Z) (VJbVCS) (chvus ‘
® Similarly, B; — D™)*xT determines v + 28, since Ap+,- Ap—r+ = e 22029
... ratio of amplitudes O(\?) = small asymmetries (tag side interference)

~
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Constraining new physics




® \ery impressive accomplishments

Level of agreement between the
measurements often misinterpreted

Increasing the number of parame-

The standard model CKM fit

ters can alter the fit completely

Plausible TeV scale NP scenarios,
consistent with all low energy data,
w/o minimal flavor violation (MFV)

CKM is inevitable; the question is
not if it's correct, but is it sufficient?

1=

1.5 T T 1 T T 1 | T T T g [ T T T 1 T T 1 I
: excluded area has CL > 0.95 | 7‘%@ :
i Y i
1.0 — | o ]
B 5 Amyg& Amg
0.5 — _
i AMy W
0.0 - =
-0.5 — —
'1 .0 e ! 8|~< .
— % i ’Y sol.w/cos 28 <0
= ICHEP 10 E (excl: at CL > 0.95) —
15 I A | AR AN R B S S A
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
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New physics in B°-B° mixing

® Assume: (i) 3 x 3 CKM matrix is unitary; (ii) Tree-level decays dominated by SM

Concentrate on NP in mixing amplitude; two parameters for each neutral meson:

M12_ MS21\/[ 2 22@ — M1821\/1(1_|_h€220'2

7

TV
easy to relate to data easy to relate to models

® [ree-level CKM constraints unaffected: |V,,/Vep| and v (or # — 5 — «)

® BB mixing dependent observables sensitive to NP: Amg s, S¢,, Agf, AT,

~
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New physics in B’-B° mixing

® Assume: (i) 3 x 3 CKM matrix is unitary; (ii) Tree-level decays dominated by SM

Concentrate on NP in mixing amplitude; two parameters for each neutral meson:

Mo = M182M r2 et = Mls2M(1 + he%“z

7

WV TV
easy to relate to data easy to relate to models

CKM constraints unaffected: |V,;,/V.p| and v (or m — 5 — «)
BB observables sensitive to NP: Amg s, Sy, ASL, AT,
Amp, =1, Am = |14+ nh e2wq|AmSM
Syr = sin(28 + 29d) = sin[28 + arg(1 4 hge®7d)] S,p = sin(2a — 26,)

S¢¢ = SiIl(QBS — 2@5) = Sin[QBS — arg(l + hse%as)]

I I
Al =1Im 2 ) =1Im ~ ATSP = ATM cos? 20,
M r2 eV ML (1 4+ hye?7q) i i

127

~
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Constraints on new physics in Bj mixing

® Overconstraining measurements (tree vs. loop) are crucial to bound new physics
1-CL

1.5 T BEERERERE R a0 N 1.0
I 1S o [T 1 oo
1 r FPCP 2007 —
B 0.8 25 ] 0.8
07 LY
2.0 i
0.6 1 o6
e 0.5 o 15 _: 0.5
I . p, n determined from I 0. 1 |04
osf (effectively) tree level |8 . 1.0 1 &,
- .and loop-induced pro- ]
4F cesses, separately 02 05 EN kS
01 W0B - v - 0.1
e I.ul_sl - .(I). - I0!5I - I1 - '115' s 0'Oo.o 0.2 0.4 0.6 0?8 | 1_.0 0.0
P Mig = Mip" (1 + he®'?) hy
Only the SM-like region is allowed, NP ~ SM is still allowed, approaching
even in the presence of NP in mixing NP <« SM unless o4, =0 (mod 7/2)

® \Vhat we really want to know: assume h ~ (4mv/Agfay.)?, is then Agay. > Agwsp?
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The one-page summary of BaBar & Belle

® Strong constraints on NP in many FCNC amplitudes — much more progress in
this and more interesting than just the uncertainties of the SM parameters

Qualitative change before vs. after 2004 — the justification of the Nobel Prize in my mind
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® Despite huge progress ~20% NP contribution to most loop processes still allowed
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Summary

® The SM flavor sector is tested with impressive & increasing precision
KM phase is the dominant source of C'P violation in flavor changing processes

® The point is not just to measure magnitudes and phases of CKM elements (or p, 7
and «, 3, ), but to probe the flavor sector by overconstraining it in many ways

® Measurements probe scales > 1TeV; sensitivity limited by statistics, not theory
® New physics in most FCNC processes may still be 210% of the SM contributions

® Few hints of discrepancies — existing data could have shown NP, and a lot more
IS needed to achieve theoretical limits
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