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Remember 1987?

May 28: Mathias Rust evades Soviet air defenses and lands on the Red Square

June 12: Reagan says at Brandenburg Gate: “Mr. Gorbachev, tear down this wall”

June 25: Gorbachev announces plans for “Perestroika” and “Glasnost”

July 1: The Single European Act is passed by the European Union

Dec 1: Construction of the Channel Tunnel started (another tunnel: SSC site selection)

Movies: Dirty Dancing, The Last Emperor, etc.
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Sports in 1987

Tennis: French open, Graf d. Navratilova 6-4, 4-6, 8-6 (lost at Wimbledon 5-7, 3-6)
Tennis: (men: Lendl, Cash, Edberg, Wilander...)
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Physics in 1987

ARGUS: “Observation ofB0–B0 mixing”
[June 25: Phys. Lett. B 192 (1987) 245]

Febr. 23: Supernova 1987A observed
[first naked-eye supernova since 1604]

Nobel prize: Georg Bednorz and Alex Müller (high Tc superconductors)

Z L – p. 3



B0–B0 mixing in 1987

ARGUS: “Observation of B0–B0 mixing” (PLB, 25 June 1987, Submitted Apr 9)

ARGUS: The direct bound was mt > 23 GeV

——
(DESY seminar: Feb. 24; Moriond: Mar 8–15)
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B0–B0 mixing in 1987

ARGUS: “Observation of B0–B0 mixing” (PLB, 25 June 1987, Submitted Apr 9)

ARGUS: The direct bound was mt > 23 GeV

• SM interpretation: mt > (50− 100) GeV

Preferred fB was way too small; PDG ’86: |Vcb| = 0.045± 0.008, |Vub/Vcb| < 0.2

• Possibly mt > mW? No top hadrons? SM predicts Bs mixing near maximal
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B0–B0 mixing in 1987

ARGUS: “Observation of B0–B0 mixing” (PLB, 25 June 1987, Submitted Apr 9)

ARGUS: The direct bound was mt > 23 GeV

• New physics interpretation: depends on models and on other measurements

• Papers on: SUSY, 4th generation, mass matrix textures, Z ′ bosons, etc.

• A very influential discovery to date
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Outline

• Introduction
... Flavor physics in the SM and beyond

• B physics at ARGUS and CLEO
... Some key measurements then — and now

• CP violation at BaBar and Belle
... Implications of some of the cleanest measurements

• B0
s –B0

s and D0 –D0 mixing
... Constraints on new physics and looking into the future

• Conclusions
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Why is flavor physics interesting?

• SM flavor problem: hierarchy of masses and mixing angles; why ν’s are different

• NP flavor problem: TeV scale (hierarchy problem) � flavor & CPV scale

εK:
(sd̄)2

Λ2
⇒ Λ>∼10

4
TeV, ∆mB:

(bd̄)2

Λ2
⇒ Λ>∼10

3
TeV, ∆mBs:

(bs̄)2

Λ2
⇒ Λ>∼10

2
TeV

– Almost all extensions of the SM have new sources of CPV & flavor conversion

– A major constraint for model building

– The observed baryon asymmetry of the Universe requires CPV beyond the SM
Not necessarily in flavor changing processes in the quark sector
Flavor suppression destroys KM baryogenesis; flavor matters for leptogenesis

• If ΛNP � 1 TeV: no observable effects⇒ precise SM measurements

If ΛNP ∼ 1 TeV: sizable effects possible⇒ could get detailed information on NP
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Neutral meson systems

• K0 –K0: 1956 discovery of KL (proposal of C non-conservation in 1955)
K0 –K0: εK predicted 3rd generation
K0 –K0: ∆mK predicted mc ∼ 1.5 GeV

• B0 –B0: 1987 discovery of mixing (long lifetime 1983)
B0 –B0: ∆mB predicted large mt

Crucial for development / confirmation of SM + Strong constraints on new physics

• 2006, B0
s –B0

s: measurement of ∆mBs in agreement with SM

• 2007, D0 –D0: growing evidence for ∆ΓD = O(0.01)

What do these measurements tell us?
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CKM tests with kaons

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

• Hadronic uncertainties preclude precision tests (ε′K notoriously hard to calculate)

In PDG ’86, still |ε′/ε| = 0 within 1σ; Summer ’87:

• K → πνν: Theoretically clean, but small rates ∼ 10−10(K±), 10−11(KL)

Observation (3 events): B(K+ → π+νν̄) = (1.5+1.3
−0.9)× 10−10 — need more data

• Does the SM (integrating out virtual W , Z, and quarks in tree and loop diagrams)
explain all flavor changing interactions? (correlations? FCNCs? tree vs. loop?)

• B system: many doable and clean measurements to overconstrain CKM
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A few B physics topics



B → D∗`ν̄: heavy quark symmetry

• Form factor relations at arbitrary “recoil”, y = v · v′, in B → D(∗)`ν̄ [Isgur & Wise]

Observed earlier, new look to extract |Vcb| model independently

• Rate is model independent at zero recoil [Isgur & Wise; Luke; Voloshin & Shifman; Nussinov & Wetzel]

[ARGUS, Z. Phys. C 57 (1993) 533; Mea culpa for missing CLEO refs.]

• Exclusive |Vcb| measurements are similar to date
New theory inputs: constraints on shape [Boyd, Grinstein, Lebed], F (1) from LQCD [Fermilab]
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Inclusive semileptonic b → c decays then

[ARGUS, PLB 249 (1990) 359]

• Preceeded theoretical foundations of how to derive from QCD something similar
Rates: OPE in ΛQCD/mb [Chay, Georgi, Grinstein; Bigi, Shifman, Uraltsev, Vainshetein; Manohar & Wise; Mannel]
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Determining |Vcb| now

• Rely on heavy quark expansions; theoretically cleanest is |Vcb|incl

ν
Γ(B → Xc`ν̄) =

G2
F |Vcb|

2

192π3

„
mΥ

2

«5

(0.534)×
»
1

− 0.22

„
Λ1S

500 MeV

«
−0.011

„
Λ1S

500 MeV

«2
− 0.052

„
λ1

(500 MeV)2

«
− 0.071

„
λ2

(500 MeV)2

«

− 0.006

„
λ1Λ1S

(500 MeV)3

«
+ 0.011

„
λ2Λ1S

(500 MeV)3

«
− 0.006

„
ρ1

(500 MeV)3

«
+ 0.008

„
ρ2

(500 MeV)3

«

+ 0.011

„
T1

(500 MeV)3

«
+ 0.002

„
T2

(500 MeV)3

«
− 0.017

„
T3

(500 MeV)3

«
− 0.008

„
T4

(500 MeV)3

«

+ 0.096ε− 0.030ε
2
BLM + 0.015ε

„
Λ1S

500 MeV

«
+ . . .

–
Corrections: O(Λ/m): ∼ 20%, O(Λ2/m2): ∼ 5%, O(Λ3/m3): ∼ 1− 2%,

O(αs): ∼ 10%, Unknown terms: < 2%

• FitO(100) observables: test theory + determine |Vcb| & hadronic matrix elements

• Error of |Vcb| ∼ 2% ! Also important for εK (error ∝ |Vcb|4) and for K → πνν̄
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Semileptonic b → u decays then

ARGUS, PLB 234 (1990) 409, Received 28 Nov 1989 (201+69 pb−1)

“If interpreted as a signal of b → u cou-
pling . . . |Vub/Vcb| of about 10%.”

CLEO, PRL 64 (1990) 16, Received 8 Nov 1989 (212+101 pb−1)

“|Vub/Vcb| . . . is approximately 0.1; it
is sensitive to the theoretical model.”
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Interlude: B → Xsγ in 1987

• Series of elaborate calculations of inclusive rare B decays also started about ’87
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Interlude: B → Xsγ in 2007

• One (if not “the”) most elaborate SM calculations
Constrains many models: 2HDM, SUSY, LRSM, etc.

• NNLO practically completed [Misiak et al., hep-ph/0609232]

4-loop running, 3-loop matching and matrix elements

Scale dependencies significantly reduced ⇒

• B(B → Xsγ)
∣∣
Eγ>1.6GeV

= (3.15± 0.23)× 10−4

measurement: (3.55± 0.26)× 10−4

O(104) diagrams, e.g.:

b s

c

c

γ

�

Z L – p. 13



Measuring |Vub| since

• Side opposite to β; precision crucial to be sensitive to NP in sin 2β via mixing

• Inclusive: rate known to ∼5%; cuts to remove B → Xc`ν̄

introduce small parameters that complicate expansions

Nonperturbative b distribution function (“shape function”)
enters due to phase space cuts: related to dΓ(B →
Xsγ)/dEγ at leading order, issues at orderO(ΛQCD/mb)

[Neubert; Bigi, Shifman, Uraltsev, Vainshtein]
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Tools: Lattice QCD, under control at large q2 (small |~pπ|)
Dispersion rel: constrain shape using few f+(q2) values

• Many challenging open questions, active areas to date
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Also related to B → Xs`
+`−

• Complementary to B → Xsγ, depends on:

O7 = mb s̄σµνeF
µνPRb,

O9 = e2(s̄γµPLb)(¯̀γµ`),

O10 = e2(s̄γµPLb)(¯̀γµγ5`)

Theory most precise for 1 GeV2 < q2 < 6 GeV2−→
– NNLL perturbative calculations

– Nonperturbative corrections to q2 spectrum 0 5 10 15 20
0

1

2

3

4

[Ghinculov, Hurth, Isidori, Yao]

• In small q2 region experiments require additional mXs
<∼ 2 GeV cut to suppress

b→ c(→ s`+ν)`−ν̄ ⇒ nonperturbative effects [Ali & Hiller; Lee, ZL, Stewart, Tackmann]

• Theory same as for in inclusive |Vub| measurements (similar phase space cuts)
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CP violation



The B factory era

• Q: How many CP violating quantities are measured with > 3σ significance?

A: 11; B: 15; C: 19; D: 23 (with different sensitivity to NP)
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The B factory era

• Q: How many CP violating quantities are measured with > 3σ significance?

A: 11; B: 15; C: 19 (with different sensitivity to NP)

εK, ε′K,

Sη′K, SψK, Sf0K, SK+K−K0, Sψπ0, SD∗+D∗−, SD∗+D−, Sπ+π−

Aρ0K+, AηK+, AK+π−, AηK∗0, Aπ+π−, Aρ±π∓, ∆Cρ±π∓, aD∗±π∓, AD
CP+K−

• Just because a measurement determines a CP violating quantity, it no longer
automatically implies that it is interesting

(E.g., if Sη′K was still consistent with 0, it would be a many σ discovery of NP!)

• It doesn’t matter if one measures a side or an angle — only experimental precision
and theoretical cleanliness for interpretation for short distance physics do
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B0–B0 mixing: matter – antimatter oscillation

• Quantum mechanical two-level system; flavor eigenstates: |B0〉= |bd〉, |B0〉= |bd〉

• Evolution: i d

dt

„|B0(t)〉
|B0(t)〉

«
=

„
M −

i

2
Γ

«„|B0(t)〉
|B0(t)〉

«
Time evol.: M, Γ: 2× 2 Hermitian matrices

Mass eigenstates: |BH,L〉 = p|B0〉 ∓ q|B0〉

• CPV: mass eigenstates 6= CP eigenstates
CPV: (|q/p| 6= 1 ⇔ 〈BH|BL〉 6= 0)

• In SM: q/p = e−2iβ+(ξB+ξd−ξb) +O(10−3)

b

d

d

b

t

t

W W

b

d

d

b

W

W

t t

⇓

�
�

� �

�
��

�
�

��

�

�

�
�

� �

�

� �

�
�

� �
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(bLγνdL)(bLγ
νdL)

∆m = |VtbV ∗
td|

2 f2
BBB×[known]

• For Bd,s: |Γ12| � |M12| ⇒ ∆m = 2|M12|, ∆Γ = 2|Γ12| cosφ12, φ12 = arg(−M12/Γ12)

• Sizable hadronic uncertainty in ∆m and especially |q/p|, but not in arg(q/p)
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CPV in interference between decay and mixing

• Can get theoretically clean information in some
cases whenB0 andB0 decay to same final state

|BL,H〉 = p|B0〉 ± q|B0〉 λfCP =
q

p

AfCP
AfCP

0B

0B

CPf

q/p

A

A

• Time dependent CP asymmetry:

afCP =
Γ[B0(t)→ f ]− Γ[B0(t)→ f ]
Γ[B0(t)→ f ] + Γ[B0(t)→ f ]

=
2 Imλf

1 + |λf |2︸ ︷︷ ︸
Sf

sin(∆mt)− 1− |λf |2

1 + |λf |2︸ ︷︷ ︸
Cf (−Af)

cos(∆mt)

• If amplitudes with one weak phase dominate a decay, hadronic physics drops out

• Measure a phase in the Lagrangian theoretically cleanly:

afCP = ηfCP sin(phase difference between decay paths) sin(∆mt)
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Quantum entanglement in Υ(4S) → B0B0

• B0B0 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 B0 (B0), then at the same time the other B must be B0 (B0)

• EPR effect used for precision physics:

Measure B decays and ∆z

• First decay ends quantum correlation and tags the flavor of the other B at t = t1
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Some of the key CPV measurements

• β: SψKS = − sin[(B-mix = −2β) + (decay = 0) + (K-mix = 0)] = sin 2β

World average: sin 2β = 0.681± 0.025 — 4% precision (theory uncertainty <1%)

• Sb→s “penguin” dominated modes: NP can enter in mixing (as SψK), also in decay

Earlier hints of deviations reduced: SψK − SφKS = 0.29± 0.17

• α: Sπ+π− = sin[(B-mix = 2β) + (A/A = 2γ + . . .)] = sin[2α+O(P/T )]

CLEO 1997: Kπ large, ππ small ⇒ Pππ/Tππ large ⇒ pursue all ρρ, ρπ, ππ modes

• γ: interference of tree level b→ cūs (B− → D0K−) and b→ uc̄s (B− → D0K−)

Several difficult measurements (D → KSπ
+π−, DCP , CF vs. DCS)

• Need a lot more data to approach irreducible theoretical limitations
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Status of sin 2βeff, α, and γ

sin(2βeff) ≡ sin(2φe
1
ff)  vs  CCP ≡ -ACP

Contours give -2∆(ln L) = ∆χ2 = 1, corresponding to 60.7% CL for 2 dof
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New physics in B –B mixing

• Large class of models: (i) 3× 3 CKM matrix is unitary
Large class of models: (ii) Tree-level decays dominated by SM

Two NP parameters for each neutral meson: M12 = MSM
12 (1 + h e2iσ)

• Tree-level CKM constraints unaffected: |Vub/Vcb| and γ (or π − β − α)

• Observables sensitive to NP in mixing: ∆md,s, SψK, Sρρ, SBs→ψφ, Ad,sSL , ∆ΓCPs
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Tree-level Loop-dominated

• Subsets of data give independent determinations, SM is impressively consistent
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Constraints on NP in mixing

ρ, η determined from
(effectively) tree level
and loop-induced pro-
cesses, separately

M12 = MSM
12 (1 + he2iσ)

a
Only the SM-like region is allowed,
even in the presence of NP in mixing

NP∼ SM is still allowed; approaching
NP� SM unless σd = 0 (mod π/2)

• O(20%) non-SM contributions to most loop-mediated transitions are still allowed
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B0
s and D0 mixing



The D meson system

• Complementary to K,B: CPV, FCNC both GIM & CKM suppressed⇒ tiny in SM

– Only meson mixing generated by down-type quarks (SUSY: up-type squarks)

– SM suppression: ∆mD, ∆ΓD <∼ 10−2 Γ, since doubly-Cabibbo-suppressed
SM suppression: and vanish in flavor SU(3) symmetry limit

– First two generations dominate: CPV� 10−3 would be unambiguously NP

– 2007: signal for mixing at 4σ level; all measurements combined > 5σ

yCP =
Γ(CP even)− Γ(CP odd)

Γ(CP even) + Γ(CP odd)
= (1.12± 0.32)% [Babar, Belle, Cleo, Focus, E791]

• A wishlist: precise values of ∆m and ∆Γ? Will CPV be observed? Is |q/p| ≈ 1?

• Particularly interesting for SUSY: ∆mD and ∆mK ⇒ if first two squark doublets
are within LHC reach, they must be quasi-degenerate (alignment alone not viable)
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The news of 2006: ∆mBs measured
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smaller than σ(∆md) = 0.8% !
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New physics in B0
s –B0

s mixing

• Constraints before (left) and after (right) measurement of ∆ms and ∆ΓCPs

Recall parameterization: M12 = MSM
12 (1 + hs e

2iσs) [ZL, Papucci, Perez]
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• To learn more about the Bs system, measure CP asymmetry in Bs → J/ψ φ

• h measures “tuning”: h ∼ (4πv/Λ)2, so
{
h ∼ 1 ⇒ Λflavor ∼ 2 TeV ∼ ΛEWSB

h < 0.1 ⇒ Λflavor > 7 TeV� ΛEWSB
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Next milestone in Bl
s: SBs→ψφ,ψη(′)

• Sψφ (sin 2βs for CP -even) analog of SψK
CKM fit predicts: sin 2βs = 0.0368+0.0017

−0.0018

• 2000: Is sin 2β consistent with εK, |Vub|
1999: ∆mB and other constraints?
2009: Is sin 2βs consistent with . . . ?

Plot Sψφ = SM value ±0.10 /± 0.03

0.1/1 yr of nominal LHCb data ⇒

• With modest data sets, huge impact
on our understanding; one of the most
interesting early measurements

• Many important LHCb measurements
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New physics in Bd,s mixings

• LHC(b) will probe NP in the Bs system at a level comparable to the Bd sector
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Minimal flavor violation (MFV)

• How strongly can effects of NP at scale ΛNP be (sensibly) suppressed?

• SM global flavor symmetry U(3)Q × U(3)u × U(3)d broken by nonzero Yukawa’s

LY = −Y ij
u QI

Li
eφuIRj − Y ij

d QI
Li φ d

I
Rj

eφ =

„
0 1

−1 0

«
φ∗

• MFV: Assume Y ’s are the only source of flavor and CP violation (cannot demand
all higher dimension operators to be flavor invariant and contain only SM fields)

[Chivukula & Georgi ’87; Hall & Randall ’90; D’Ambrosio, Giudice, Isidori, Strumia ’02]

• CKM and GIM (mq) suppressions similar to SM; allows EFT-like analyses

Sizable corrections possible to some observables, even imposing MFV:
B → Xsγ, B → τν, Bs → µ+µ−, ∆mBs, Ωh2, g − 2, precision electroweak

• In some scenarios high-pT LHC data may rule out MFV or make it more plausible
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Final comments



Shall we see new physics in flavor physics?



Do we just need to look with higher resolution?

A diamond field in Namibia



Summary

• The SM flavor sector has been tested with impressive & increasing precision
KM phase is the dominant source of CP violation in flavor changing processes

• Measurements sensitive to scale>TeV; sensitivity limited by statistics, not theory

• Deviations from SM in Bd,s mixing, b→ s and even b→ d decays are constrained

NP in BB mixing may still be comparable to the SM (sensitive to scales� LHC)

• Tests of 3-2 generation transitions will approach precision of 3-1, approaching 2-1

• Synergy between theory and experiment and progress in both continue
⇒ Learn more about electroweak physics and QCD — has been exciting and fun
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Outlook

• The non-observation of NP at Eexp ∼ mB is a problem for NP at ΛNP ∼ TeV

New physics could show up every time measurements improve

• If NP is seen: Study it in as many different operators as possible

If NP is seen: One / many sources of CPV? Only in CC interactions? NP couples
If NP is seen: mostly to up / down sector? 3rd / all generations? ∆(F ) = 2 or 1?

• If NP is not seen: Achieve what is theoretically possible
If NP is not seen: Could teach us a lot whether or not NP is seen at LHC

• Flavor physics will provide important clues to model building in the LHC era
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Backupl slides



Neutral meson mixings

• Identities, neglecting CPV in mixing (not too important, surprisingly poorly known)

K : long-lived = CP -odd = heavy

D : long-lived = CP -odd (3.5σ) = light (2σ)

Bs : long-lived = CP -odd (1.5σ) = heavy in the SM

Bd : yet unknown, same as Bs in SM for mb�ΛQCD

Before 2006, we only knew experimentally the kaon line above

• We have learned a lot about meson mixings — good consistency with SM

x = ∆m/Γ y = ∆Γ/(2Γ) A = 1− |q/p|2
SM theory data SM theory data SM theory data

Bd O(1) 0.78 ys |Vtd/Vts|2 −0.005± 0.019 −(5.5± 1.5)10−4 (−4.7± 4.6)10−3

Bs xd |Vts/Vtd|2 25.8 O(−0.1) −0.05± 0.04 −Ad |Vtd/Vts|2 (0.3± 9.3)10−3

K O(1) 0.948 −1 −0.998 4 Re ε (6.6± 1.6)10−3

D < 0.01 < 0.016 O(0.01) yCP = 0.011± 0.003 < 10−4 O(1) bound only
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SUSY contributions to K0 –K0 mixing

• (∆mK)SUSY

(∆mK)exp
∼ 104

(
1 TeV
m̃

)2 (
∆m̃2

12

m̃2

)2

Re
[
(Kd

L)12(Kd
R)12

]
Kd
L(R): mixing in gluino couplings to left-(right-)handed down quarks and squarks

• Classes of models to suppress each factors:

(i) Heavy squarks: m̃� 1 TeV (e.g., split SUSY)

(ii) Universality: ∆m2
Q̃,D̃
� m̃2 (e.g., gauge mediation)

(iii) Alignment: |(Kd
L,R)12| � 1 (e.g., horizontal symmetries)

• Similar formulae for ∆mB and ∆mBs

Constraint from εK: replace 104 Re
[
(Kd

L)12(Kd
R)12

]
with ∼ 106 Im

[
(Kd

L)12(Kd
R)12

]
• Has driven SUSY model building, all models incorporate some of the above
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Testing the Standard Model

• All flavor changing processes depend only on a few parameters in the SM
⇒ correlations between large number of s, c, b, t decays

• The SM flavor structure is very special — NP can violate each:

– Single source of CP violation in CC interactions

– Suppressions due to hierarchy of mixing angles

– Suppression of FCNC loop processes

• Does the SM (i.e., integrating out virtual W , Z, and quarks in tree and loop dia-
grams) explain all flavor changing interactions?

– Changes in correlations (B vs. K constraints, SψKS 6= SφKS, etc.)

– Enhanced or suppressed CP violation (sizable SBs→ψφ or Asγ, etc.)

– Compare tree and loop processes — FCNC’s at unexpected level
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What’s special about B’s?

• Large 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 (mb � ΛQCD)

• Experimentally feasible to study:

– Υ(4S) resonance is clean source of B mesons

– Long B meson lifetime

– Timescale of oscillation and decay comparable: ∆m/Γ ' 0.77 [= O(1)]
(and ∆Γ� Γ)
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Many interesting rare B decays

• Important probes of new physics

– B → K∗γ or Xsγ: Best mH± limits in 2HDM — in SUSY many param’s

– B → K(∗)`+`− or Xs`
+`−: bsZ penguins, SUSY, right handed couplings

A crude guide (` = e or µ)
Decay ∼SM rate physics examples

B → sγ 3× 10−4 |Vts|, H±, SUSY
B → τν 1× 10−4 fB|Vub|, H±

B → sνν 4× 10−5 new physics
B → s`+`− 5× 10−6 new physics
Bs → τ+τ− 1× 10−6

B → sτ+τ− 5× 10−7 ...
B → µν 5× 10−7

Bs → µ+µ− 4× 10−9

B → µ+µ− 2× 10−10

Replacing b → s by b → d costs a
factor∼20 (in SM); interesting to test
in both: rates, CP asymmetries, etc.

In B → q l1 l2 decays expect 10–20%
K∗/ρ, and 5–10% K/π (model dept)

LHC: B → K∗`+`− and Bs → µ+µ−

LHC: Inclusive modes impossible

Z L – p. v



Parameterization of NP in mixing

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

NP in mixing — two new param’s for each neutral meson:

M12 = MSM
12 r2q e

2iθq︸ ︷︷ ︸
easy to relate to data

≡ MSM
12 (1 + hq e

2iσq)︸ ︷︷ ︸
easy to relate to models

• Observables sensitive to ∆F = 2 new physics:

∆mBq = r2
q ∆mSM

Bq
= |1 + hqe

2iσq|∆mSM
q

SψK = sin(2β + 2θd) = sin[2β + arg(1 + hde
2iσd)]

Sρρ = sin(2α− 2θd)

SBs→ψφ = sin(2βs − 2θs) = sin[2βs − arg(1 + hse
2iσs)]

Aq
SL = Im

„
Γq12

Mq
12r

2
q e

2iθq

«
= Im

»
Γq12

Mq
12(1 + hqe2iσq)

–
∆ΓCPs = ∆ΓSM

s cos2(2θs) = ∆ΓSM
s cos2[arg(1 + hse

2iσs)]

• Tree-level constraints unaffected: |Vub/Vcb| and γ (or π − β − α)
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γ from B0
s → D±

s K
∓

• Single weak phase in each Bs, Bs → D±s K
∓ decay⇒ the 4 time dependent rates

determine 2 amplitudes, a strong, and a weak phase (clean, although |f〉 6= |fCP 〉)

Four amplitudes: Bs
A1→ D+

s K
− (b→ cus) , Bs

A2→ K+D−s (b→ ucs)

Four amplitudes: Bs
A1→ D−s K

+ (b→ cus) , Bs
A2→ K−D+

s (b→ ucs)

AD+
s K−

AD+
s K−

=
A1

A2

(
VcbV

∗
us

V ∗ubVcs

)
,

AD−s K+

AD−s K+

=
A2

A1

(
VubV

∗
cs

V ∗cbVus

)
Magnitudes and relative strong phase of A1 and A2 drop out if four time depen-
dent rates are measured⇒ no hadronic uncertainty:

λD+
s K−

λD−s K+ =
(
V ∗tbVts
VtbV ∗ts

)2(
VcbV

∗
us

V ∗ubVcs

)(
VubV

∗
cs

V ∗cbVus

)
= e−2i(γ−2βs−βK)

• Similarly, Bd → D(∗)±π∓ determines γ + 2β, since λD+π− λD−π+ = e−2i(γ+2β)

... ratio of amplitudes O(λ2) ⇒ small asymmetries (tag side interference)
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CP violation in Bs mixing: As
SL

• Difference of B → B vs. B → B probability

ASL =
Γ[B0

phys(t) → `+X]− Γ[B0
phys(t) → `−X]

Γ[B0
phys(t) → `+X] + Γ[B0

phys(t) → `−X]
=

1− |q/p|4

1 + |q/p|4
≈ −2

„˛̨̨̨
q

p

˛̨̨̨
− 1

«

– Can be O(103) times SM

– |AsSL| > |AdSL| possible
– (contrary to SM)

– In SM: AsSL ∼ 3× 10−5

– is unobservably small

[see also: Buras et al., hep-ph/0604057;

Grossman, Nir, Raz, hep-ph/0605028]
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Correlation between Sψφ and As
SL

• AsSL and Sψφ are strongly correlated in hs, σs � βs region [ZL, Papucci, Perez]

A
s
SL = −

˛̨̨̨
Γs12
Ms

12

˛̨̨̨SM

Sψφ +O
„
h

2
s,
m2
c

m2
b

«

φψS
-1 -0.5 0 0.5 1

s SL
A

-0.01

-0.005

0

0.005

0.01

• Correlation only if NP does not alter tree level processes — test assumptions
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Some models to enhance ∆ms

• SUSY GUTs: near-maximal νµ − ντ mixing may imply
large mixing between sR and bR, and between s̃R and b̃R

Mixing among right-handed quarks drop out from CKM
matrix, but among right-handed squarks it is physical


s̃R

s̃R

s̃R

ν̃µ

µ̃

←→

b̃R

b̃R

b̃R

ν̃τ

τ̃


O(1) effects in b→ s possible
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Some models to suppress ∆ms

• Neutral Higgs mediated FCNC in the large tanβ region:

Enhancement of B(Bd,s → µ+µ−) ∝ tan6 β up to two
orders of magnitude above the SM

CDF & DØ: B(Bs → µ+µ−) < 5.8× 10−8 (95% CL)
SM: 3.4× 10−9 — measurable at LHC

• Suppression of ∆ms ∝ tan4 β in a correlated way

[Buras et al., hep-ph/0207241]
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