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• Setting the Stage

• New Physics at the Amplitude Level: → indications in the data!?

– Example: B → πK.

• New Physics in B0
d,s–B̄

0
d,s Mixing: → ∆Ms @ Tevatron: → hot topic ...

– How much space is left for New Physics?

– Perspectives for the LHC.

• Conclusions and Outlook



Setting the Stage

• Standard Model (SM): → Kobayashi–Maskawa mechanism of CP violation:

• CKM-Matrix verknüpft die elektroschwachen Flavourzustände (d′, s′, b′)
mit den entsprechenden Masseneigenzuständen (d, s, b):
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• CKM-Matrix ist unitär: V̂ †
CKM · V̂CKM = 1̂ = V̂CKM · V̂ †

CKM

• CP-konjugierte Übergänge:

• CKM matrix connects electroweak flavour states (d′, s′, b′)
with their mass eigenstates (d, s, b):

0

@

d′

s′

b′

1

A =

0

@

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A ·

0

@

d
s
b

1

A

LCC
int = −

g2√
2
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• CKM matrix is unitary:

V̂ †
CKM · V̂CKM = 1̂ = V̂CKM · V̂ †

CKM

• CP-conjugate transitions:
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UDRecent review: R.F., J. Phys. G32 (2006) R71 [hep-ph/0512253]



The Global Picture in a Nutshell

Impressive precision measurements of the SM @ LEP → still ...

• Is the breaking of the electroweak symmetry and the generation of the
particle masses in fact related to the “minimal” Higgs mechanism?

→ direct insights at the LHC ∼> autumn 2007

• On the other hand, close connection between the scalar Higgs sector and
flavour physics through Yukawa interactions (→ fermion masses):

→ quark-flavour phenomenology (→ our focus): flavour “factories”!

• The SM is – with the exception of some “flavour puzzles” (!?) – in good
shape! But the SM cannot be complete → indications:

– Neutrino oscillations (→ lepton-flavour phenomenology), dark matter,
generation of the baryon asymmetry of the Universe ...

⊕ fundamental theoretical questions (hierarchy problem etc.)



Central Target: Unitarity Triangle (UT)

• Application of the Wolfenstein parametrization: [Wolfenstein (1984)]
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Status of the Unitarity Triangle

• Two competing groups: → many plots & correlations ...

– CKMfitter Collaboration [http://ckmfitter.in2p3.fr/];

– UTfit Collaboration [http://www.utfit.org]:
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⇒ impressive global agreement with KM, but no longer “perfect” ...



Key Processes for the Exploration of CP Violation

→ non-leptonic B decays:

• Tree diagrams:

Topologies & Classification

• Tree diagrams:
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• Classification (depends on the flavour content of the final state):

– Only tree diagrams.

– Tree and penguin diagrams.

– Only penguin diagrams.
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Low-Energy Effective Hamiltonians

• The operator product expansion allows a systematic separation of the
short-distance from the long-distance contributions to B → f :

〈f |Heff|B〉 = GF√
2

∑
j λ

j
CKM

∑
kCk(µ) 〈f |Qjk(µ)|B〉

[GF: Fermi’s constant, λjCKM: CKM factors, µ: renormalization scale]

• Short-distance physics: [Buras et al.; ...]

→ Wilson-Koeffizienten Ck(µ) → perturbative → known
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• Long-distance physics:

→ matrix elements 〈f |Qjk(µ)|B〉 → non-perturbative → “unknown”



Impact of New Physics

• Possibility I: Modification of the “strength” of the SM operators

– New short-distance functions, which depend on the NP parameters,
such as masses of charginos, squarks, tan β̄ ≡ v2/v1 in the MSSM.

– The NP particles enter in new box and penguin diagrams, and are
“integrated out”, as the W boson and the top quark in the SM:

Ck(µ = MW )→ C
SM
k + C

NP
k| {z }

initial conditions for RG evolution

– The CNP
k may also involve new CP-violating phases.

• Possibility II: New Operators

– Operators, which are absent or strongly suppressed in the SM, may
actually play an important rôle:

{Qk} → {QSM
k , Q

NP
l }| {z }

operator basis

– In general, new sources of flavour and CP violation.



Specific New-Physics Analyses

• SUSY models have received a lot of attention:

Goto et al. (’04); Jäger & Nierste (’04); Ciuchini et al. (’04); Ball, Khalil & Kou (’04);

Ko (’04); Gabrielli, Huitu, Khalil (’05); Foster, Okumura & Roszkowski (’05–’06); ...

• Examples of other fashionable NP scenarios:

– Left–right-symmetric models [Ball et al. (’00); Ball & R.F. (’00); ...]

– Scenarios with extra dimensions [Buras et al. (’03); Agashe et al. (’04); ...]

– Models with an extra Z ′ boson [Barger et al. (’04); ...]

– “Little Higgs” scenarios [Choudhury et al. (’04); Buras et al. (’05); ...]

– Models with a fourth generation [Hou, Nagashima & Soddu (’05)]

• Suffer, in general, from the following problems:

– Choice of NP model governed by personal “biases”.

– Predictivity inversely proportional to the number of NP parameters.



But Central Problem for NP Searches: 〈f |Qj
k(µ)|B〉

• Interesting recent developments:

– QCD Factorization (QCDF):

Beneke, Buchalla, Neubert & Sachrajda (1999–2001); ...

– Perturbative Hard-Scattering (PQCD) Approach:

Li & Yu (’95); Cheng, Li & Yang (’99); Keum, Li & Sanda (’00); ...

– Soft Collinear Effective Theory (SCET):

Bauer, Pirjol & Stewart (2001); Bauer, Grinstein, Pirjol & Stewart (2003); ...

– QCD light-cone sum-rule methods:

Khodjamirian (2001); Khodjamirian, Mannel & Melic (2003); ...

Data ⇒ theoretical challenge remains ...



⇒ Circumvent the Calculation of the 〈f |Qj
k(µ)|B〉:

• Amplitude relations allow us in fortunate cases to eliminate the hadronic
matrix elements (→ typically strategies to determine the UT angle γ):

– Exact relations: class of pure “tree” decays (e.g. B → DK).

– Approximate relations, which follow from the flavour symmetries of
strong interactions, i.e. SU(2) isospin or SU(3)F:

B → ππ, B → πK, B(s) → KK.

• Decays of neutral Bd and Bs mesons:

Interference effects through B0
q–B

0
q mixing:

Two Main Strategies

• Amplitude relations allow us in several cases to eliminate the
hadronic matrix elements (→ typically γ):

– Exact relations:

Class of pure “tree” decays (e.g. B → DK).

– Relations, which follow from the flavour symmetries of
strong interactions, i.e. isospin or SU(3)F:

B → ππ, B → πK, B → KK.

• Decays of neutral Bd and Bs mesons:

Interference effects through B0
q–B

0
q mixing!

B0
q

B0
q

f

– “Mixing-induced” CP violation!

– If one CKM amplitude dominates (e.g. Bd → ψ KS):

⇒ hadronic matrix elements cancel →

– Otherwise amplitude relations ...

– Lead to “mixing-induced” CP violation Amix
CP !

– If one CKM amplitude dominates:

⇒ hadronic matrix elements cancel!

∗ Example: B0
d → J/ψKS ⇒ sin 2β [Bigi, Carter & Sanda (’80–’81)]



A Brief Roadmap of Quark-Flavour Physics

• CP-B studies through various processes and strategies:

A Brief Roadmap of Quark-Flavour Physics

• CP-B studies through various processes & strategies:

γ β

α

Rb (b → u, c$ν̄$)
Rt (B0

q–B̄0
q mixing)

B → ππ (isospin), B → ρπ, B → ρρ

B → πK (penguins)

B±
u → K±D

Bd → K∗0D
B±

c → D±
s D

9>=
>; only trees

Bd → ψKS (Bs → ψφ : φs ≈ 0)

Bd → φKS (pure penguin)


Bd → π+π−
Bs → K+K−

ff

Bd → D(∗)±π∓ : γ + 2β
Bs → D±

s K∓ : γ + φs

)
only trees

• Moreover “rare” B- and K-meson decays:

B → K∗γ, Bd,s → µ+µ−, K → πνν, ...

– Originate from loop processes in the SM.

– Complementary to CP-B & interesting correlations.

New Physics ⇒ Discrepancies

• Moreover “rare” decays: B → K∗γ, Bd,s → µ+µ−, K → πνν, ...

– Originate from loop processes in the SM.

– Interesting correlations with CP-B studies.

New Physics ⇒ Discrepancies



Popular New-Physics Avenues

• Decay Amplitudes:

– Typically small effects if SM tree processes play the dominant rôle.

– Potentially large effects in the penguin sector through new particles in
the loop diagrams or new contributions at the tree level.

– Possible first signals for such NP (→ new CP violation) in the data:

♦ Bd → φKS: (sin 2β)φKS

?= (sin 2β)ψKS
[see appendix].

♥ B → πK: puzzling pattern of certain branching ratios [see below].

• B0
q–B̄

0
q mixing (q ∈ {d, s}):

• Dynamics of the decay Bq → f is described by
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q mixing phase:
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q W b
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Θ
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M12

− π ∼ 2 arg(V ∗
tqVtb) ≡ φq =

8<
:

+2β (Bd system)

−2δγ (Bs system).

• ξ(q)
f and ξ(q)

f
are convention-independent quantities!

– Exchange of NP particles in boxes or new tree contributions:

∆Mq = ∆M
SM
q + ∆M

NP
q (→ Rt)

φq = φ
SM
q + φ

NP
q (→ Amix

CP )

– Bd system: ∆Md, φd well established at the e+e− B factories;

– Bs system: measurement of ∆Ms @ Tevatron → implications for NP?



New Physics

at the

Amplitude Level



Challenging the SM

through B → πK:

b

t

d

d

sW

Z

B
0

d

K
0

π
0

u, d

u, d

»
Long history of B → πK studies: Gronau, Rosner & London (’94); R.F. (’95–’98);

R.F. & Mannel (’97); Neubert & Rosner (’98); Buras & R.F. (’98–’00); ...

–



EW Penguins and the B → πK Puzzle

• B → πK decays with tiny EW penguin contributions:

– Observables can be accommodated in the Standard Model!

– Example: direct CP asymmetry of B0
d → π−K+.

• B → πK decays with sizeable EW penguin contributions:

– Branching ratios show a surprising pattern!

– This “puzzle” emerged already in 2000, when CLEO reported the
observation of the B0

d → π0K0 channel with a remarkably prominent
rate, and is now also/still present in the BaBar and Belle data (!?) ...
[Buras & R.F. (’00)]

– Has recently received a lot of attention!
Beneke & Neubert (’03); Yoshikawa (’03); Gronau & Rosner (’03); Barger et al.
(’04); Wu & Zhou (’05); ...

What’s going on? →



A Systematic Strategy in 3 Steps

Stefan Recksiegel Page 18

Comprehensive analysis! Let’s here just have a look at ...

[Buras, R.F., Recksiegel & Schwab (2003–2005)]



Decays with a Sizeable Impact of EW Penguins

• The key quantities: [Buras & R.F. (’98)]

Rc ≡ 2

"
BR(B+ → π0K+)+BR(B− → π0K−)

BR(B+ → π+K0) + BR(B− → π−K̄0)

#
Exp
= 1.01± 0.09

Rn ≡
1

2

"
BR(B0

d → π−K+) + BR(B̄0
d → π+K−)

BR(B0
d → π0K0)+BR(B̄0

d → π0K̄0)

#
Exp
= 0.83± 0.08

• Features of the EW penguins:

– Enter in colour-allowed from through the modes involving π0’s.

– Description through the following parameters:

q
SM= 0.58 (→ “strength”)︸ ︷︷ ︸

SU(3) [Neubert & Rosner (’98)]

, φ
SM= 0◦ (→ CP-violating phase)

– Provide an interesting avenue for NP to manifest itself ...
[R.F. & Mannel (’97); Grossman, Neubert & Kagan (’99); ...]



• Situation in the Rn–Rc plane:
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• Allow for NP in the EW penguin sector to resolve this “B → πK puzzle”:

Rn,c|exp ⇒ q = 0.99 +0.66
−0.70, φ = −(94+16

−17)
◦

⇒ Predictions of CP violation in B± → π0K± and Bd → π0KS ...



Interplay with Rare K and B Decays

• Attractive possibility for NP to enter EW penguins: Z penguins

KL

π
0

ν

ν

Z

W

t

s

d

d

d

+ . . .

b

q

t

t

W
Z

µ

µ

B
0

q

– Modified strength and CP-violating phase!

– Can be realized, for example, in SUSY ...

• Theoretical considerations allow us to convert the B → πK parameters
(q, φ) into short-distance functions characterizing rare B and K decays:

“Inami–Lim” functions: X = |X|eiθX︸ ︷︷ ︸
K→πνν̄

, Y = |Y |eiθY︸ ︷︷ ︸
Bs,d→µ+µ−

, ...

• Interesting effects: K+ → π+νν̄, KL → π0νν̄, Bs,d → µ+µ−, ...

⇒ specific patterns for various NP scenarios of this kind →



• Constraints from the data for B → Xs`
+`− processes:

⇒ X ≤ 1.95, Y ≤ 1.43.

• On the other hand, the values of (q, φ) preferred by the Rn,c|exp require:

|X|min ≈ |Y |min ≈ 2.2.

• Scenarios for possible future measurements satisfying the bounds:

Quantity SM Scen A Scen B Scen C Experiment

Rn 1.12 0.88 1.03 1 0.83± 0.08

Rc 1.15 0.96 1.13 1 1.01± 0.09

Decay SM Scen A Scen B Scen C Exp. bound

@ 90% C.L.
BR(K+ → π+νν̄)/10−11 9.3 2.7 8.3 8.4 (14.7+13.0

−8.9 )

BR(KL → π0νν̄)/10−11 4.4 11.6 27.9 7.2 < 2.9× 104

BR(KL → π0e+e−)/10−11 3.6 4.6 7.1 4.9 < 28

BR(B → Xsνν̄)/10
−5 3.6 2.8 4.8 3.3 < 64

BR(Bs → µ+µ−)/10−9 3.9 9.2 9.1 7.0 < 1.5× 102

[Details: A. Buras, R.F., S. Recksiegel & F. Schwab, hep-ph/0512032]



New Physics

in

B0
d,s–B̄

0
d,s Mixing

• B0
d–B̄

0
d mixing: well established → ∆Md = (0.507± 0.004) ps−1 (!)

• B0
s–B̄

0
s mixing: long standing experimental challenge ...



Hot News of this Spring

• B0
s–B̄

0
s mixing at the Tevatron:

– For many years, only lower bounds on ∆Ms were available from the
LEP (CERN) experiments and SLD (SLAC)!

– Finally, the value of ∆Ms could be pinned down: [→ talk by R. Erbacher]

∗ D0: ⇒ two-sided bound 17 ps−1 < ∆Ms < 21 ps−1 (90% C.L.)

⇒ 2.5σ signal at ∆Ms = 19ps−1

∗ CDF: ∆Ms =
[
17.33+0.42

−0.21(stat)± 0.07(syst)
]

ps−1

• These new results have already triggered considerable theoretical activity:

M. Carena et al., hep-ph/0603106; M. Ciuchini and L. Silvestrini, hep-ph/0603114;

L. Velasco-Sevilla, hep-ph/0603115; M. Endo and S. Mishima, hep-ph/0603251;

M. Blanke et al., hep-ph/0604057; Z. Ligeti, M. Papucci and G. Perez, hep-ph/0604112;

J. Foster, K.I. Okumura and L. Roszkowski, hep-ph/0604121; K. Cheung et al., hep-

ph/0604223; Y. Grossman, Y. Nir and G. Raz, hep-ph/0605028; ...

• We shall focus on the following analysis: P. Ball and R.F., hep-ph/0604249.



A Closer Look at B0
q–B̄0

q Mixing (q ∈ {d, s})

• Low-energy effective Hamiltonian:

〈B0
q |H∆B=2

eff |B̄0
q〉 = 2MBqM

q
12

⇒ mixing parameters: ∆Mq = 2|Mq
12|, φq = arg(Mq

12)

• SM prediction:

• Dynamics of the decay Bq → f is described by

ξ
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−iΘ
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M12
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q
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• Θ
(q)
M12

is the CP-violating weak B0
q–B0

q mixing phase:

M12 = e
iΘ

(q)
M12 |M12|

b W q

q W b
t t

Θ
(q)
M12

− π ∼ 2 arg(V ∗
tqVtb) ≡ φq =

8<
:

+2β (Bd system)

−2δγ (Bs system).

• ξ(q)
f and ξ(q)

f
are convention-independent quantities!

Mq,SM
12 =

G2
FM

2
W

12π2
MBq(V

∗
tqVtb)

2S0(xt)η̂BB̂Bqf
2
Bq

⇒ φSM
d = 2β, φSM

s = −2λ2η

• The mass differences ∆MSM
q = 2|Mq,SM

12 | involve several parameters:

– CKM factors V ∗tqVtb: unitarity & tree processes [→ robust under NP].

– Short-distance: S0(xt) [top-quark] & η̂B [pert. QCD] → known!

– Long-distance: B̂Bqf
2
Bq
→ hadronic uncertainties → lattice...



CKM Parameters

• Basic assumption for our analysis: unitarity of the CKM matrix

⇒
{
|V ∗tdVtb| = |Vcb|λ

√
1− 2Rb cos γ +R2

b

|V ∗tsVtb| = |Vcb|
[
1− 1

2 (1− 2Rb cos γ)λ2 +O(λ4)
]
,

with Rb ≡
[
1− λ2

2

]
1
λ

∣∣∣∣VubVcb

∣∣∣∣ =
√
ρ̄2 + η̄2 → UT side.

• Semileptonic tree decays:

– b→ c`ν̄` processes: |Vcb| = (42.0± 0.7)× 10−3

– b→ u`ν̄` processes: → have to be clarified ...

|Vub|incl = (4.4± 0.3)× 10−3, |Vub|excl = (3.8± 0.6) · 10−3︸ ︷︷ ︸
2010−→ (4.4± 0.2)× 10−3

• Non-leptonic tree decays:1

γ|D(∗)K(∗) =

{
(62+35
−25)

◦ (CKMfitter)

(65± 20)◦ (UTfit)

}
2010−→ (70± 5)◦@ LHCb

1CPV in B0
d → π+π−, B0

d → π−K+ (involving penguins)⇒ γ = (73.9+5.8
−6.5)

◦ [BFRS ’05].



Hadronic Parameters: Lattice QCD

• Front runners: unquenched calculations with 2 or 3 dynamical quarks
and Wilson or staggered light quarks, respectively. Despite tremendous
progress, still several uncertainties: chiral extrapolations ...

• JLQCD results (2 flavours of dynamical light Wilson quarks):

[Aoki et al. (JLQCD), hep-ph/0307039]

fBdB̂
1/2
Bd

˛̨̨
JLQCD

= (0.215± 0.019
+0
−0.023) GeV

fBsB̂
1/2
Bs

˛̨̨
JLQCD

= (0.245± 0.021
+0.003
−0.002) GeV

ξJLQCD ≡
fBsB̂

1/2
Bs

fBdB̂
1/2
Bd

˛̨̨̨
˛̨
JLQCD

= 1.14± 0.06
+0.13
−0

• fBq from HPQCD (3 dynamical flavours) with B̂Bq from JLQCD:

[Gray et al. (HPQCD), hep-lat/0507015; Okamato, hep-lat/0510113]

fBdB̂
1/2
Bd

˛̨̨
(HP+JL)QCD

= (0.244± 0.026) GeV

fBsB̂
1/2
Bs

˛̨̨
(HP+JL)QCD

= (0.295± 0.036) GeV

ξ(HP+JL)QCD = 1.210+0.047
−0.035

9>>>=>>>;
2010←−
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New-Physics Parameters

• Model-independent expression for Md
12 in the presence of NP:

M
d
12 = M

d,SM
12

h
1 + κde

iσd
i
⇒

8<:
∆Md = ∆MSM

d

˛̨
1 + κde

iσd
˛̨

φd = φSM
d + φNP

d = φSM
d + arg(1 + κde

iσd)

• The experimental result for ∆Md and the theoretical prediction ∆MSM
d

provide the following constraint on κd and σd (holds for q ∈ {d, s}):

ρq ≡

˛̨̨̨
˛ ∆Mq

∆MSM
q

˛̨̨̨
˛ =

q
1 + 2κq cosσq + κ2

q

0 100 200 300

0.5

1

1.5

2

2.5

σq [deg]

κ
q [0.6 ≤ ρq ≤ 1.4]



The SM Prediction for ∆Md

• Numerical values: [∆Md
HFAG
= (0.507± 0.004) ps−1]

∆M
SM
d

˛̨̨
JLQCD

=
h
0.52± 0.17(γ,Rb)

−0.09
+0.13(fBdB̂

1/2
Bd

)
i

ps
−1

ρd|JLQCD = 0.97± 0.33(γ,Rb)
−0.17
+0.26(fBdB̂

1/2
Bd

)

∆M
SM
d

˛̨̨
(HP+JL)QCD

=
h
0.69± 0.13(γ,Rb)± 0.08(fBdB̂

1/2
Bd

)
i

ps
−1

ρd|(HP+JL)QCD = 0.75± 0.25(γ,Rb)± 0.16(fBdB̂
1/2
Bd

)

• Illustration of the dependence on γ and Rb = (0.39, 0.45):
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Figure 2: The dependence of ρd on γ for Rb = (0.39, 0.45) and various values of

fBd
B̂1/2

Bd
. Left panel: JLQCD results (10): fBd

B̂1/2
Bd

= 0.215 GeV (solid lines), fBd
B̂1/2

Bd
=

(0.185, 0.234) GeV (dashed lines). Right panel: ditto for (HP+JL)QCD results (11):

fBd
B̂1/2

Bd
= 0.244 GeV (solid lines), fBd

B̂1/2
Bd

= (0.218, 0.270) GeV (dashed lines).

With the help of (8), (17) and (20), we then obtain

|V ∗

tdVtb|incl = (8.6 ± 1.5) · 10−3 , |V ∗

tdVtb|excl = (8.6 ± 1.3) · 10−3 , (24)

where the uncertainty is dominated by that of the angle γ.
For our 2010 benchmark scenario, we assume that the central value of γ will settle at

70◦, and that the error will shrink to ±5◦ thanks to strategies using pure tree decays of
Bu,d and Bs mesons for the determination of γ, which can be implemented at the LHC. In
fact, a statistical accuracy of σstat(γ) ≈ 2.5◦ is expected at LHCb after 5 years of taking
data [41].

For the convenience of the reader, we summarise all CKM input parameters, as well
as their counterparts for the Bs system to be discussed in Section 4, in Tab. 1; in Tab. 2,
we give the input data for our 2010 scenario.

In Fig. 2, we illustrate the dependence of ρd defined in (14) on γ, Rb and fBd
B̂1/2

Bd
. It

is evident that ρd depends rather strongly on γ and fBd
B̂1/2

Bd
, but less so on Rb. For the

two different lattice results, we obtain

∆MSM
d

∣

∣

∣

JLQCD
=

[

0.52 ± 0.17(γ, Rb)
−0.09
+0.13(fBd

B̂1/2
Bd

)
]

ps−1 ,

ρd|JLQCD = 0.97 ± 0.33(γ, Rb)
−0.17
+0.26(fBd

B̂1/2
Bd

) ,

∆MSM
d

∣

∣

∣

(HP+JL)QCD
=

[

0.69 ± 0.13(γ, Rb) ± 0.08(fBd
B̂1/2

Bd
)
]

ps−1 ,

ρd|(HP+JL)QCD = 0.75 ± 0.25(γ, Rb) ± 0.16(fBd
B̂1/2

Bd
) , (25)

where we made explicit the errors arising from the uncertainties of (γ, Rb) and fBd
B̂1/2

Bd
.

These results are compatible with the SM value ρd = 1, but suffer from considerable
uncertainties, which presently leave sizeable room for NP contributions to ∆Md; we shall
quantify below the allowed values of κd and σd following from the contours in Fig. 1.
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Constraints on NP through CP Violation: φd

• Another constraint on the allowed values of κd and σd is provided by the
experimental value of the Bd mixing phase φd = φSM

d + φNP
d .

• φNP
d allows us to determine κd as a function of σd (holds for q ∈ {d, s}):

κ
q

0 100 200 300

0.5

1

1.5

2

2.5

σq [deg]

h
10◦ ≤ |φNP

q | ≤ 170◦
i

• Interestingly, κq is bounded from below for any given value of φNP
q 6= 0:

– Example: |φNP
q | = 10◦ ⇒ κq ≥ 0.17 → clean lower bound!



Determination of the NP Phase φNP
d

• Basic strategy:2 [similar effects: UTfit (’05) & BFRS (’05)]

– Mixing-induced CP violation in B0
d → J/ψKS (and similar modes):

(sinφd)cc̄s =


0.722± 0.040± 0.023 (BaBar)

0.652± 0.039± 0.020 (Belle)

ff
⊕ (cosφd)cc̄s > 0

⇒ φd = 2β + φ
NP
d

HFAG
= (43.4± 2.5)

◦

– Comparison with the “true” value of 2β following from γ and Rb:

⇒ φ
NP
d

˛̨̨
incl

= −(10.1± 4.6)
◦
, φ

NP
d

˛̨̨
excl

= −(2.5± 8.0)
◦

• Illustration of the dependence of φNP
d on γ and Rb for φd = 43.4◦:
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Figure 5: The determination of φNP
d for φd = 43.4◦. Left panel: φNP

d as a function of γ for
various values of Rb. Right panel: φNP

d as a function of Rb for various values of γ (solid
line: γ = 65◦, dashed lines: γ = (45◦, 85◦)).

semileptonic decays, but that φNP
d is compatible with zero for |Vub| from exclusive decays.

The consequences of the presence of a small NP phase φNP
d ≈ −10◦ are rather dramatic:

from Fig. 4, one reads off the sizeable lower bound κd ∼> 0.17. Although this result hinges
on the value of |Vub|incl, and hence presently is not conclusive, the underlying reason-
ing also applies to the Bs system: even a small NP phase φNP

s implies considerable NP
contributions to the mixing matrix element Ms

12.

3.4 Combined Constraints on NP through ∆Md and φd: 2006

and 2010

We are now finally in a position to combine the constraints from both ∆Md and φd to
constrain the allowed region in the σd–κd plane. The corresponding results are shown in
Fig. 6, demonstrating the power of the contours described in the previous subsections for
a transparent determination of σd and κd. We see that a non-vanishing value of φNP

d , even
as small as φNP

d ≈ −10◦, has a strong impact on the allowed space in the σd–κd plane. In
both scenarios with different lattice results and different values for |Vub|, the upper bounds
of κd ∼< 2.5 on the NP contributions following from the experimental value of ∆Md are
reduced to κd ∼< 0.5. Values of this order of magnitude are expected, for instance, on the
basis of generic field-theoretical considerations [43, 47], as well as in a recently proposed
framework for “next-to-minimal flavour violation” [49, 10].

In order to determine κd more precisely, it is mandatory to reduce the errors of ρd,
which come from both γ and lattice calculations. As we noted above, the value of γ
can be determined – with impressive accuracy – at the LHC [41], whereas progress on
the lattice side is much harder to predict, but will hopefully be made. Assuming our
benchmark scenario of Tab. 2, which corresponds to the lattice results of Eq. (11), the
σd–κd plane in 2010 looks like shown in Fig. 7 – and actually implies 5 σ evidence for NP
from φNP

d = −(9.8 ± 2.0)◦. Although there is only a small allowed region left, κd is still

only badly constrained; for an extraction with 10% uncertainty, fBd
B̂1/2

Bd
is required to 5%

accuracy, i.e. the corresponding error in (11) has to be reduced by a factor of 2, which is
the benchmark lattice theorists should strive for.

11

2Assumes that NP plays a negligible rôle in the B → J/ψK amplitudes [see R.F., hep-ph/0512253].



Combined Constraints on NP through ∆Md and φd

• Status in 2006:

κ
d

σd [deg]
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Figure 6: Left panel: allowed region (yellow/grey) in the σd–κd plane in a scenario with

the JLQCD lattice results (10) and φNP
d

∣

∣

∣

excl
. Dashed lines: central values of ρd and φNP

d ,

solid lines: ±1 σ. Right panel: ditto for the scenario with the (HP+JL)QCD lattice

results (11) and φNP
d

∣

∣

∣

incl
.
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κ
d

Figure 7: Allowed region in the σd–κd plane (yellow/grey) in our 2010 scenario, using the
parameters collected in Tab. 2 and φNP

d = −(9.8 ± 2.0)◦.

4 The Bs-Meson System

4.1 Constraints on NP through ∆Ms

Let us now have a closer look at the Bs-meson system. In order to describe NP effects in a
model-independent way, we parametrize them analogously to (12) and (13). The relevant
CKM factor is |V ∗

tsVtb|. Using once again the unitarity of the CKM matrix and including
next-to-leading order terms in the Wolfenstein expansion as given in Ref. [34], we have

∣

∣

∣

∣

Vts

Vcb

∣

∣

∣

∣

= 1 −
1

2
(1 − 2Rb cos γ) λ2 + O(λ4). (35)

Consequently, apart from the tiny correction in λ2, the CKM factor for ∆Ms is indepen-
dent of γ and Rb, which is an important advantage in comparison with the Bd-meson
system. The accuracy of the SM prediction of ∆Ms is hence limited by the hadronic
mixing parameter fBsB̂

1/2
Bs

. Using the numerical values discussed in Section 2, we obtain

∆MSM
s

∣

∣

∣

JLQCD
= (16.1 ± 2.8) ps−1 ,

12

JLQCD and φNP
d

˛̨
excl

(HP+JL)QCD and φNP
d

˛̨
incl

• Status in our 2010 scenario: φNP
d = −(9.8± 2.0)◦ → NP @ 5σ
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Space for NP

in the

Bs-Meson System:

Ms
12 = Ms,SM

12

(
1 + κse

iσs
)

→ in analogy to the Bd system ...



Constraints on NP through ∆Ms

• CKM unitarity and Wolfenstein expansion: |V ∗tsVtb| = |Vcb|
ˆ
1 +O(λ2)

˜
• Numerical results: ∆M

SM
s

˛̨̨
JLQCD

= (16.1± 2.8) ps
−1

ρs|JLQCD = 1.08
+0.03
−0.01(exp)± 0.19(th)

∆M
SM
s

˛̨̨
(HP+JL)QCD

= (23.4± 3.8) ps
−1

ρs|(HP+JL)QCD = 0.74
+0.02
−0.01(exp)± 0.18(th)

• Allowed regions in the σs–κs plane:

κ
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Figure 8: The allowed regions (yellow/grey) in the σs–κs plane. Left panel: JLQCD
lattice results (10). Right panel: (HP+JL)QCD lattice results (11).

ρs|JLQCD = 1.08+0.03
−0.01(exp) ± 0.19(th) ,

∆MSM
s

∣

∣

∣

(HP+JL)QCD
= (23.4 ± 3.8) ps−1 ,

ρs|(HP+JL)QCD = 0.74+0.02
−0.01(exp) ± 0.18(th) , (36)

where we made the experimental and theoretical errors explicit. The values of ρs, which
is defined in analogy to (14), refer to the CDF measurement of ∆Ms in (4). These
numbers are consistent with the SM case ρs = 1, but suffer from significant theoretical
uncertainties, which are much larger than the experimental errors. Nevertheless, it is
interesting to note that the (HP+JL)QCD result is 1.5 σ below the SM; a similar pattern
arises in (25), though at the 1 σ level. Any more precise statement about the presence or
absence of NP requires the reduction of theoretical uncertainties.

In Fig. 8, we show the constraints in the σs–κs plane, which can be obtained from
ρs with the help of the Bs counterpart of (15). We see that upper bounds of κs ∼< 2.5
arise from the measurement of ∆Ms. In the case of (36), the bound on σs following
from (16) would interestingly be effective, and imply 110◦ ≤ σs ≤ 250◦. Consequently,
the CDF measurement of ∆Ms leaves ample space for the NP parameters σs and κs.
This situation will change significantly as soon as information about CP violation in the
Bs-meson system becomes available. We shall return to this topic in Subsection 4.3.

4.2 Constraints on NP through ∆Ms and ∆Md

It is interesting to consider the ratio of ∆Ms and ∆Md, which can be written as follows:

∆Ms

∆Md
=

ρs

ρd

∣

∣

∣

∣

Vts

Vtd

∣

∣

∣

∣

2 MBs

MBd

ξ2 , (37)

where the hadronic SU(3)-breaking parameter ξ is defined in Subsection 2.2. In the class
of NP models with “minimal flavour violation” [50],3 which contains also the SM, we have
ρs/ρd = 1, so that (37) allows the extraction of the CKM factor |Vts/Vtd|, and hence |Vtd|,

3See Ref. [51] for a review, and Ref. [9] for a recent analysis addressing also the ∆Ms measurement.
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Constraints on NP through ∆Ms and ∆Md

• The ratio ∆Ms/∆Md involves the SU(3)-breaking parameter ξ:

→ reduced theoretical uncertainty as compared to fBqB̂
1/2
Bq

.

• Usually determination of UT side Rt. Different avenue (CKM unitarity):

ρs

ρd
= λ

2
h
1− 2Rb cos γ + R

2
b

i h
1 + (1− 2Rb cos γ)λ

2
+O(λ

4
)
i 1

ξ2

MBd

MBs

∆Ms

∆Md
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Figure 9: The dependence of ρs/ρd on γ for the central values of ∆Md,s in (4). Left
panel: JLQCD results (10). Right panel: (HP+JL)QCD results (11). The plots are
nearly independent of Rb.

as |Vts| is known – to excellent accuracy – from (35). The advantage of this determination

lies in the reduced theoretical uncertainty of ξ as compared to fBd
B̂1/2

Bd
.

In this paper, however, we turn the tables and constrain the ratio ρs/ρd through
∆Ms/∆Md. To this end, we express – in analogy to (17) – the UT side

Rt ≡
1

λ

∣

∣

∣

∣

Vtd

Vcb

∣

∣

∣

∣

=
1

λ

∣

∣

∣

∣

Vtd

Vts

∣

∣

∣

∣

[

1 −
1

2
(1 − 2Rb cos γ)λ2 + O(λ4)

]

(38)

in terms of Rb and γ:

Rt =
√

1 − 2Rb cos γ + R2
b , (39)

allowing the determination of Rt through processes that are essentially unaffected by
NP. The resulting value of Rt depends rather strongly on γ, which is the main source
of uncertainty. Another determination of Rt that is independent of γ and Rb can, in
principle, be obtained from radiative decays, in particular the ratio of branching ratios
B(B → (ρ, ω)γ)/B(B → K∗γ), but is presently limited by experimental statistics; see
Ref. [52] for a recent analysis.

Combining (37) and (38), we obtain the following expression for ρs/ρd:

ρs

ρd
= λ2

[

1 − 2Rb cos γ + R2
b

] [

1 + (1 − 2Rb cos γ)λ2 + O(λ4)
] 1

ξ2

MBd

MBs

∆Ms

∆Md
. (40)

In Fig. 9, we plot this ratio for the central values of ∆Md and ∆Ms in (4), as a function of
the UT angle γ for the values of ξ given in (10) and (11). We find that the corresponding
curves are nearly independent of Rb and that γ is actually the key CKM parameter for
the determination of ρs/ρd. The corresponding numerical values are given by:

ρs

ρd

∣

∣

∣

∣

∣

JLQCD

= 1.11+0.02
−0.01(exp) ± 0.35(γ, Rb)

+0.12
−0.28(ξ) ,

ρs

ρd

∣

∣

∣

∣

∣

(HP+JL)QCD

= 0.99+0.02
−0.01(exp) ± 0.31(γ, Rb)

+0.06
−0.08(ξ) . (41)
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→
ρs

ρd

˛̨̨̨
2010

= 1.07± 0.09(γ,Rb)
+0.06
−0.08(ξ) = 1.07± 0.12 ⇒ !?



CP Violation in the Bs System

• Golden decay Bs → J/ψφ: ⇒ sinφs = sin(−2λ2Rb sin γ + φNP
s )

– No experimental insights yet ...

– But very accessible at the LHC:

∗ LHCb: σstat(sinφs) ≈ 0.031 (1 year) [0.013 (5 years)];

∗ ATLAS & CMS: expect uncertainties at the 0.1 level (1 year).

• Illustration of the impact of NP through the following assumption:

σd = σs, κd = κs ⇒ φNP
d = φNP

s
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Figure 10: sin φs for a scenario with flavour-universal NP, i.e. φNP
s = φNP

d , as specified in
Eq. (45), and φd = 43.4◦. Left panel: sin φs as a function of γ for various values of Rb.
Right panel: sin φs as a function of Rb for various values of γ (solid line: γ = 65◦, dashed
lines: γ = (45◦, 85◦)).

In order to illustrate the impact of NP effects, let us assume that the NP parameters
satisfy the simple relation

σd = σs, κd = κs, (45)

i.e. that in particular φNP
d = φNP

s . This scenario would be supported by (42), although
it would not belong to the class of models with MFV, as new sources of CP violation
would be required. As we have seen in the previous section, the analysis of the B0

d data
for Rincl

b = 0.45 indicates a small NP phase around −10◦ in the Bd-system. In the above
scenario, that would imply the presence of the same phase in the Bs-system, which would
interfere constructively with the small SM phase and result in CP asymmetries at the level
of −20%. CP-violating effects of that size can easily be detected at the LHC. This exercise
demonstrates again the great power of the Bs-meson system to reveal CP-violating NP
contributions to B0

q–B̄
0
q mixing. The presence of a small NP phase could actually be

considerably magnified, as illustrated in Fig. 10. In specific NP scenarios, also large CP-
violating phases can still arise, and are in no way excluded by the CDF measurement of
∆Ms in (4).

Let us finally also discuss the impact of CP violation measurements on the allowed
region in the σs–κs plane in our 2010 scenario. To this end, we consider two cases:

i) (sin φs)exp = −0.04 ± 0.02, in accordance with the SM;

ii) (sin φs)exp = −0.20 ± 0.02, in accordance with the NP scenario of Fig. 10.

The measurement of sin φs implies a twofold solution for φs and, therefore, also for φNP
s .

However, this ambiguity can be resolved through the determination of the sign of cosφs,
which can be fixed through the strategies proposed in Ref. [55]. In Fig. 11, we show
the situation in the σs–κs plane.4 The dotted lines refer to negative values of cosφs.
Assuming that these are experimentally excluded, we are left with strongly restricted
regions, although κs could still take sizeable ranges, with upper bounds κs ≈ 0.5. In
the SM-like scenario, values of σs around 180◦ would arise, i.e. a NP contribution with

4The closed lines agree with those shown in the right panel of Fig. 8, as our 2010 scenario is based on
the (HP+JL)QCD lattice results.
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• Impact of CP violation measurements on σs, κs in our 2010 scenario:

(i) (sinφs)exp = −0.04± 0.02, in accordance with the SM;

(ii) (sinφs)exp = −0.20± 0.02 → NP @ 10σ (see above).
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Figure 11: Combined constraints for the allowed region (yellow/grey) in the σs–κs plane
through ∆Ms in (4) for the (HP+JL)QCD results (11) and CP violation measurements.
Left panel: the SM scenario (sin φs)exp = −0.04 ± 0.02. Right panel: a NP scenario with
(sin φs)exp = −0.20 ± 0.02. The solid lines correspond to cos φs > 0, the dotted lines to
cos φs < 0.

a sign opposite to the SM. However, due to the absence of new CP-violating effects, the
accuracy of lattice results would have to be considerably improved in order to allow the
extraction of a value of κs incompatible with 0. On the other hand, a measurement of
(sin φs)exp = −0.20 ± 0.02 would give a NP signal at the 10 σ level, with κs ∼> 0.2 from
Eq. (28). In analogy to the discussion in Subsection 3.4, a determination of κs with 10%

uncertainty requires fBsB̂
1/2
Bs

with 5% accuracy, i.e. the corresponding error in (11) has to
be reduced by a factor of 2.

Since the discussion given so far does not refer to a specific model of NP, the question
arises whether there are actually extensions of the SM that still allow large CP-violating
NP phases in B0

s–B̄
0
s mixing.

5 Specific Models of New Physics

In this section, we address the impact of the CDF measurement of ∆Ms on two popular
scenarios of NP, to wit

• an extra Z ′ boson with flavour non-diagonal couplings;

• generic effects in the minimal supersymmetric extension of the SM (MSSM) in the
“mass insertion approximation”.

We would like to stress that our examples for NP scenarios should be viewed as illustrative
rather than comprehensive and are not intended to compete with more dedicated analyses.

5.1 Z′ Gauge Boson with Non-Universal Couplings

Let us start with the effect of an extra U(1)′ gauge boson Z ′, which is the most simple
application of the model-independent method discussed in Sections 3 and 4. The existence
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SM scenario (i) NP scenario (ii)

• Comments and remarks:

– Dotted lines: cosφs < 0; can be excluded [Dunietz, R.F. & Nierste (’01)].

– Very challenging to establish NP without new CP-violating effects!

– On the other hand, (ii) corresponds to 0.2 ∼< κs ∼< 0.5; determination
of κs with 10% accuracy would require the reduction of the error of

fBsB̂
1/2
Bs

to 10%, i.e. of the current (HP+JL)QCD by a factor of 2...

→ let’s hope for new CP-violating effects!



Impact of the CDF Measurement

on two

Popular NP Scenarios:

• an extra Z ′ boson with flavour non-diagonal couplings;

• generic effects in the minimal supersymmetric extension of

the SM (MSSM) in the “mass insertion approximation”.

→ illustrations, not comprehensive analyses ...



Z′ Gauge Boson with Non-Universal Couplings

• Examples: GUTs, superstrings and theories with large extra dimensions.

[Langacker & Plümacher (2000); Cvetic et al. (2001 and 2002)]

• Illustration of the ∆Ms constraints under the following conditions:

– The Z couplings stay flavour diagonal, i.e. Z–Z ′ mixing is negligible.

– The Z ′ has flavour non-diagonal couplings only to left-handed quarks,
which means that its effect is described by only one complex parameter.

• We then obtain the following contribution to Ms
12:

Ms,Z′

12 =
GF√

2
ρ2
Le

2iφL
4
3
η̂BB̂Bsf

2
BsMBs, ρLe

iφL ≡ g′MZ

gMZ′
BLsb ∼ 10−3

– g and g′: U(1)Y and U(1)′ couplings. Generically, we expect g/g′ =
O(1) if both U(1) groups have the same origin (e.g. GUT frameworks).

– MZ,Z′: gauge-boson masses; MZ/MZ′ = O(0.1) for a TeV-scale Z ′.

– BLsb is the FCNC coupling of the Z ′ to bL and sL; if it is set by the
quarks’ Yukawa couplings, we expect |BLsb| ≈ |V ∗tsVtb|.

[Barger, Chiang, Jiang and Langacker, hep-ph/0405108]



• The impact of the ∆Ms measurement on the Z ′ parameters follows from
the previous discussion through the following simple replacements:

ρL ↔ (κs/f)1/2, φL ↔ σs/2

f =
16π2

√
2

1
GFM2

WS0(xt)|Vts|2
= (3.57± 0.01)× 105

– κs < 2.5 ⇒ ρL < 2.6× 10−3.

– Assuming φNP
s = −10◦, we would have much stronger constraints:

0.2 < κs < 0.5 ⇒ 0.5× 10−3 < ρL < 1.2× 10−3;

→ further improvement would have to rely on lattice...

• The bounds on ρL can be converted into bounds on the mass of the Z ′:

– ∆Ms bound: ρL < 2.6× 10−3 ⇒ 1.5 TeV
(
g′

g

) ∣∣∣∣BLsbVts

∣∣∣∣ < MZ′

– CPV scenario: ⇒ 3 TeV
(
g′

g

) ∣∣∣∣BLsbVts

∣∣∣∣ < MZ′ < 7.5 TeV
(
g′

g

) ∣∣∣∣BLsbVts

∣∣∣∣
⇒ interplay between flavour & collider physics!

[Another recent analysis: Cheung, Chiang, Deshpande & Jiang, hep-ph/0604223]



MSSM in the Mass Insertion Approximation

• In SUSY, many more possible ways in which both lepton and quark
flavours can change, and about 100 soft SUSY-breaking terms, which
could give rise to huge – and unobserved – flavour violation!

• Possible solution: assumption that the squark (and slepton) masses are
approximately “aligned” with the quark (and lepton) masses:

→ the off-diagonal terms in the sfermion mass matrices,

(δfij)AB ≡ (∆m2
ij)AB/m

2
f̃
,

can be treated as perturbations: “mass insertion approximation” (MIA).

[Hall, Kostelecky & Raby (1986); Gabbiani et al. (1996)]

• Here just an illustration of the interplay between ∆Ms & mass insertions:

– we set all but one mass insertion to 0;
– we restrict ourselves to bounds on (δd23)LL and the impact of a future

measurement of φs on these bounds.»
See also Becirevic et al. (’02); Ball, Khalil & Kou (’04); Ciuchini et al. (’06);

Ciuchini & Silvestrini (’06); Endo & Mishima (’06); Khalil (’06); ...

–



• 1σ constraints on (δd23)LL from ∆Ms: [MS = mq̃ = mg̃ = 500 GeV]
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Figure 8: The allowed regions (yellow/grey) in the σs–κs plane. Left panel: JLQCD
lattice results (10). Right panel: (HP+JL)QCD lattice results (11).

ρs|JLQCD = 1.08+0.03
−0.01(exp) ± 0.19(th) ,

∆MSM
s

∣

∣

∣

(HP+JL)QCD
= (23.4 ± 3.8) ps−1 ,

ρs|(HP+JL)QCD = 0.74+0.02
−0.01(exp) ± 0.18(th) , (36)

where we made the experimental and theoretical errors explicit. The values of ρs, which
is defined in analogy to (14), refer to the CDF measurement of ∆Ms in (4). These
numbers are consistent with the SM case ρs = 1, but suffer from significant theoretical
uncertainties, which are much larger than the experimental errors. Nevertheless, it is
interesting to note that the (HP+JL)QCD result is 1.5 σ below the SM; a similar pattern
arises in (25), though at the 1 σ level. Any more precise statement about the presence or
absence of NP requires the reduction of theoretical uncertainties.

In Fig. 8, we show the constraints in the σs–κs plane, which can be obtained from
ρs with the help of the Bs counterpart of (15). We see that upper bounds of κs ∼< 2.5
arise from the measurement of ∆Ms. In the case of (36), the bound on σs following
from (16) would interestingly be effective, and imply 110◦ ≤ σs ≤ 250◦. Consequently,
the CDF measurement of ∆Ms leaves ample space for the NP parameters σs and κs.
This situation will change significantly as soon as information about CP violation in the
Bs-meson system becomes available. We shall return to this topic in Subsection 4.3.

4.2 Constraints on NP through ∆Ms and ∆Md

It is interesting to consider the ratio of ∆Ms and ∆Md, which can be written as follows:

∆Ms

∆Md
=

ρs

ρd

∣

∣

∣

∣

Vts

Vtd

∣

∣

∣

∣

2 MBs

MBd

ξ2 , (37)

where the hadronic SU(3)-breaking parameter ξ is defined in Subsection 2.2. In the class
of NP models with “minimal flavour violation” [50],3 which contains also the SM, we have
ρs/ρd = 1, so that (37) allows the extraction of the CKM factor |Vts/Vtd|, and hence |Vtd|,

3See Ref. [51] for a review, and Ref. [9] for a recent analysis addressing also the ∆Ms measurement.
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Figure 12: 1 σ constraints on (δd
23)LL from ∆Ms (closed lines). Left panel: JLQCD results

(10), right panel: (HP+JL)QCD results (11). The open lines denote constraints posed by
a measurement of φs: the curves in the upper right and lower left quadrant correspond,
from bottom to top in the upper quadrant, and top to bottom in the lower quadrant, to
φs ∈ {0◦, 36◦, 72◦, 108◦, 144◦}, whereas those in the upper left and lower right quadrant
correspond to phases between −180◦ and 0◦.

If SUSY is found at the LHC, and the gluino and average squark masses are measured,
the results from MIA analyses of flavour processes will help to constrain the soft SUSY
breaking terms and hence the – yet to be understood – mechanism of SUSY breaking.
Given the sheer number of these terms (about 100), it will be very difficult to resolve
the richness of SUSY breaking from direct SUSY searches alone, which will have to be
complemented by constraints (or measurements) from flavour physics – which, in turn,
will become more expressive, once the direct searches will have provided the relevant mass
scales.

6 Conclusions and Outlook

The FCNC processes of B0
d–B̄

0
d and B0

s–B̄
0
s mixing offer interesting probes to search for

signals of physics beyond the SM. Although the former phenomenon is well established
since many years, the latter has only just been observed at the Tevatron, thereby raising
in particular the question of the implications for the parameter space of NP.

The current situation can be summarized as follows: the experimental value of the
mass difference ∆Md and the recently measured ∆Ms agree with the SM. However, the
SM predictions of these quantities suffer from large uncertainties. In particular, some lat-
tice calculations ((HP+JL)QCD) indicate a value of ∆MSM

s that is 1.5 σ larger than the
experimental CDF value, whereas the JLQCD results show no such effect. A similar pat-
tern arises at the 1 σ level in the Bd-meson system. In view of these uncertainties, values
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⇒ still all values of φs allowed!

• If SUSY is found at the LHC, and the gluino and average squark masses
are measured, MIA analyses of flavour processes will help us to constrain
the soft SUSY breaking terms → insights into SUSY breaking.



Conclusions and Outlook (I)

• Status of new physics in the beauty system in May 2006:

– The data agree globally with the Kobayashi–Maskawa picture!

– But we have also hints for discrepancies: → first signals of NP?

→ would require new sources of CP violation → study further ...

– Recent excitement: measurement of ∆Ms @ Tevatron:

→ still a lot of space for NP! Smoking gun: new CP violation ...

• New perspectives for B-decay studies @ LHC ∼> autumn 2007:3

– Various determinations of γ → key ingredient for NP searches!

– Fully exploit the Bs physics potential (taking over from CDF & D0).

– Many other promising topics to study: rare decays Bs,d → µ+µ−, ...

• Further precision B-decay measurments in the next decade:

→ e+e− super-B factory [KEK, new Frascati proposal] (?)

3Future of the K system: rare K → πνν̄ decays, with plans for experiments @ CERN & KEK/J-PARC.



Conclusions and Outlook (II)

CP violation and flavour physics in the context of the LHC

• Main goals of the ATLAS and CMS experiments:

– Exploration of the mechanism of EW symmetry breaking: Higgs!?

– Production and observation of new particles ...

– Then back to questions of dark matter, baryon asymmetry ...

⊕ complementary and further studies at ILC/CLIC

• Synergy with the flavour sector:

B ⊕ K, D, top physics & lepton/neutrino sector

– If discovery of new particles, which kind of new physics?

– Insights into the corresponding new flavour structures and possible
new sources of CP violation through studies of flavour processes.

– Sensitivity on very high energy scales of new physics through precision
measurements, also if NP particles cannot be produced at the LHC ...
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Appendix



Challenging the SM

through Bd → φKS:

W

b u, c, t

G

s

B
0

d
s

s

d

d

φ

K
0

⇒ b→ s penguin process



CP Asymmetries & Impact of New Physics

Γ(B0
d(t)→ f)− Γ(B0

d(t)→ f)

Γ(B0
d(t)→ f) + Γ(B0

d(t)→ f)
= Adir

CP cos(∆Mdt) +Amix
CP sin(∆Mdt)

• SM relations: Adir
CP(Bd → φKS) = 0 +O(λ2) [λ ≡ |Vus| = 0.22]

Amix
CP (Bd → φKS)| {z }
≡−(sin 2β)φKS

= Amix
CP (Bd → ψKS)| {z }
≡−(sin 2β)ψKS

+O(λ2) (1)

[R.F. (’97); Grossman & Worah (’97)]

• Bd → φKS is a sensitive probe for the search for new physics:

– Decay is dominated by QCD penguins.

– Electroweak penguins have a significant impact as well [R.F. (’94)]

– Model-independent studies of new physics [R.F. & Mannel (’01)]

→ (1) may well be violated through new physics!



Time Evolution of the B → φK Data

• BaBar: • Belle:
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• Compilation of the “Heavy Flavour Averaging Group” (HFAG):

Adir
CP(Bd → φKS) = −0.09± 0.14, (sin 2β)φKS

= 0.47± 0.19

⇒ SφK ≡ (sin 2β)φKS
− (sin 2β)ψKS

= −0.22± 0.19

⇒ stay tuned & monitor similar modes!



NP may originate in the EW penguin sector:

• Assume that NP enters the I = 0 isospin sector (I = 1 is dynamically
suppressed), involving a CP-violating NP phase φ0:

A(B
0
d → φK

0
) = Ã0

h
1 + ṽ0e

i(∆̃0+φ0)
i

= A(B
+ → φK

+
)

ṽ0e
i∆̃0|SM

fact ≈ 0.2× ei180
◦

• Observables: SφK ⊕ D+
φK ≡ [Adir

CP(Bd → φKS) +Adir
CP(B± → φK±)]/2

– φ0 = −90◦: – φ0 = +90◦:→ favoured !?

-0.4 -0.2 0 0.2

-0.4

-0.2

0

0.2

0.4

0.6

SφK

D
+ φ
K

0.1

0.2

0.3

180
◦

0
◦

90
◦

270
◦

-0.4 -0.2 0 0.2

-0.4

-0.2

0

0.2

0.4

0.6

SφK

D
+ φ
K

0.1

0.2

0.3

180
◦

0
◦

90
◦

270
◦

[Detailed discussion: R.F., hep-ph/0512253]


