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• Setting the Stage

• Bs Decay Branching Ratios: → Key Application Bs → µ+µ−

• Studies of CP Violation: Bs → J/ψφ, Bs → J/ψf0(980), ...

– Hadronic Penguin Effects

– Control Channels

– Effective Bs Decay Lifetimes



Setting the Stage



Where Do We Stand?

• Status of Physics @ LHC: → discovery of “Higgs-like” particle, but ...

– No Standard Model (SM) deviations seen at ATLAS and CMS.

– No solid evidence for New Physics (NP) in the flavour sector at LHCb.

• Implications for the general structure of NP:

L = LSM + LNP(ϕNP, gNP,mNP, ...)

– Large characteristic NP scale ΛNP, i.e. not just ∼ TeV, which would
be bad news for the direct searches at ATLAS and CMS, or (and?) ...

– Symmetries prevent large NP effects in FCNCs and the flavour sector;
most prominent example: Minimal Flavour Violation (MFV).

• Much more is yet to come: ...

... but prepare to deal with “smallish” NP effects!



Towards New Frontiers in Precision B Physics

• Crucial for resolving smallish NP effects:

– Have a critical look at theoretical analyses and their approximations:

→ key issue: strong interactions: → “hadronic” effects

– Goal: matching between the experimental and theoretical precisions.

• Key decays for exploring CP violation:

Bd → J/ψKS, Bs → J/ψφ, Bs → J/ψf0(980)

– Allow measurements of the B0
d,s–B̄

0
d,s mixing phases φd,s.

– Uncertainties from doubly Cabibbo-suppressed penguin contributions.

– These effects are usually neglected; we cannot reliably calculate them...

⇒ How big are they & how can they be controlled?



News on B0
s–B̄
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• Quantum mechanics: ⇒ |Bs(t)〉 = a(t)|B0
s〉+ b(t)|B̄0

s〉

– Mass eigenstates: ∆Ms ≡M (s)
H −M (s)

L , ∆Γs ≡ Γ
(s)
L − Γ

(s)
H

– Time-dependent decay rates: Γ(B0
s(t)→ f), Γ(B̄0

s(t)→ f)

• Key feature of the Bs-meson system: ∆Γs 6= 0

– Expected theoretically since decades [Review: A. Lenz (2012)].

– Recently established by LHCb:

ys ≡
∆Γs
2 Γs

≡ Γ
(s)
L − Γ

(s)
H

2 Γs
= 0.088± 0.014 [→ 6σ effect]

τ−1
Bs
≡ Γs ≡

Γ
(s)
L + Γ

(s)
H

2
= (0.6580± 0.0085) ps−1



Bs Decay Branching Ratios:

→
{

simplest observables, characterizing

the probability of the decay to occur:

• ∆Γs 6= 0 ⇒ special care has to be taken when dealing with

the concept of a branching ratio ...

• How to convert measured “experimental” Bs branching

ratios into “theoretical” Bs branching ratios?

[De Bruyn, R.F., Knegjens, Koppenburg, Merk & Tuning (2012)]



Experiment versus Theory

• Untagged Bs decay rate: → sum of two exponentials:

〈Γ(Bs(t)→ f)〉 ≡ Γ(B0
s(t)→ f)+Γ(B̄0

s(t)→ f) = RfHe
−Γ

(s)
H
t+RfLe

−Γ
(s)
L
t

=
(
RfH +RfL

)
e−Γs t

[
cosh

(
ys t

τBs

)
+Af∆Γ sinh

(
ys t

τBs

)]

• “Experimental” branching ratio: [I. Dunietz, R.F. & U. Nierste (2001)]

BR (Bs → f)exp ≡
1

2

∫ ∞

0

〈Γ(Bs(t)→ f)〉 dt

=
1

2

[
RfH

Γ
(s)
H
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(s)
L

]
=
τBs
2

(
RfH +RfL

)[1 +Af∆Γ ys
1− y2

s

]
(6)

• “Theoretical” branching ratio: [R.F. (1999); S. Faller, R.F. & T. Mannel (2008); ...]

BR (Bs → f)theo ≡
τBs
2
〈Γ(B0

s(t)→ f)〉
∣∣∣
t=0

=
τBs
2

(
RfH +RfL

)
(8)

– By considering t = 0, the effect of B0
s–B̄0

s mixing is “switched off”.

– The advantage of this definition is that it allows a straightforward
comparison with the BRs of B0

d or B+
u mesons by means of SU(3)F.



Conversion of Bs Decay Branching Ratios

• Relation between BR (Bs → f)theo and the measured BR (Bs → f)exp:

BR (Bs → f)theo =

[
1− y2

s

1 +Af∆Γ ys

]
BR (Bs → f)exp (9)

• While ys = 0.088± 0.014 has been measured, Af∆Γ depends on the
considered decay and generally involves non-perturbative parameters:
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⇒ differences can be as large as O(10%) for the current value of ys

[De Bruyn, R.F., Knegjens, Koppenburg, Merk and Tuning (2012)]



• Compilation of theoretical estimates for specific Bs decays:
3

Bs → f BR(Bs → f)exp Af
∆Γ(SM)

BR (Bs → f)theo /BR (Bs → f)exp

From Eq. (9) From Eq. (11)

J/ψf0(980) (1.29+0.40
−0.28) × 10−4 [18] 0.9984 ± 0.0021 [14] 0.912 ± 0.014 0.890 ± 0.082 [6]

J/ψKS (3.5 ± 0.8) × 10−5 [7] 0.84 ± 0.17 [15] 0.924 ± 0.018 N/A

D−
s π+ (3.01 ± 0.34) × 10−3 [9] 0 (exact) 0.992 ± 0.003 N/A

K+K− (3.5 ± 0.7) × 10−5 [18] −0.972 ± 0.012 [13] 1.085 ± 0.014 1.042 ± 0.033 [19]

D+
s D−

s (1.04+0.29
−0.26) × 10−2 [18] −0.995 ± 0.013 [16] 1.088 ± 0.014 N/A

TABLE I: Factors for converting BR (Bs → f)exp (see (6)) into BR (Bs → f)theo (see (8)) by means of Eq. (9) with theoretical

estimates for Af
∆Γ. Whenever effective lifetime information is available, the corrections are also calculated using Eq. (11).

lifetime, Eq. (9) can be expressed as

BR (Bs → f)theo =

�
2 −

�
1 − y2

s

� τf
τBs

�
BR (Bs → f)exp .

(11)
Note that on the right-hand side of this equation only
measurable quantities appear and that the decay width
difference ys enters at second order. The measurement of
effective lifetimes is hence not only an interesting topic
for obtaining constraints on the B0

s–B̄0
s mixing parame-

ters [17], but also for the determination of the “theoreti-
cal” Bs branching ratios from the experimental data.

In Table I, we list the correction factors for converting
the experimentally measured branching ratios as defined
in Eq. (6) into the theoretical branching ratios as defined
in Eq. (8). Here we have used theoretical information for

Af
∆Γ and Eq. (9), or – if available – the effective decay

lifetimes and Eq. (11). We observe that the correspond-
ing shifts depend on the final states and can result in
relative changes as large as 10%.

The prominent decay B0
s → µ+µ− is very sensitive to

New Physics [20]. A similar analysis can also be per-
formed for this channel, where a measurement of the ef-
fective B0

s → µ+µ− lifetime may actually open a new
window to the physics lying beyond the SM [21].

IV. Bs → V V DECAYS

Another application is given by Bs transitions into two
vector mesons, such as Bs → J/ψφ [22], Bs → K∗0K̄∗0

[23] and Bs → D∗+s D∗−s [8]. Here an angular analy-
sis of the decay products of the vector mesons has to
be performed to disentangle the CP-even and CP-odd
final states, which affects the branching fraction deter-
mination in a subtle way, as recognized in Refs. [23, 24].
Using linear polarization states 0, � with CP eigenvalue
ηk = +1 and ⊥ with CP eigenvalue ηk = −1 [25], the
generalization of Eq. (9) is given by

BRV V
theo =

�
1 − y2

s

�

 �

k=0,�,⊥

f exp
V V,k

1 + ysAV V,k
∆Γ


BRV V

exp , (12)

where

f exp
V V,k =

BRV V,k
exp

BRV V
exp

(13)

and BRV V
exp ≡ �

k BRV V,k
exp so that

�
k f exp

V V,k = 1. As

discussed in Ref. [17], assuming the SM structure at the
decay amplitude level, we can write

AV V,k
∆Γ = −ηk

�
1 − C2

V V,k cos(φs + ∆φV V,k), (14)

where CV V,k describes direct CP violation, φs is the
B0

s–B̄0
s mixing phase, and ∆φV V,k is a non-perturbative

hadronic phase shift. The expressions given in Ref. [23]
for the Bs → K∗0K̄∗0 decay take the leading order ef-
fect of ys into account, and assume φs = 0 and negligible
hadronic corrections.

The generalization of Eq. (11) is given by

BRV V
theo = BRV V

exp

�

k=0,�,⊥

�
2 −

�
1 − y2

s

� τV V
k

τBs

�
f exp

V V,k,

(15)

and does not require knowledge of the AV V,k
∆Γ observables.

V. EXPERIMENTAL ASPECTS

Additional subtleties arise in the experimental deter-
mination of effective lifetimes and Bs branching ratios.
It is experimentally impractical to measure the time
expectation value τf of the untagged rate as given by
Eq. (10). Instead, the effective lifetime is commonly ex-
tracted by fitting a single exponential to the untagged
rate [6, 19, 26], which in general is described by two expo-
nentials (see Eq. (3)). Due to detector effects on the one
hand and the chosen fit criterium on the other, this fitted
lifetime will differ from the analytic expression given in

Eq. (10) (and Ref. [26]), depending on the values of Af
∆Γ

and ys. However, for the measured value of ys in Eq. (1),
the difference is always found to be less than 0.5%.

Another subtlety concerns the loss of lifetime infor-
mation at hadron collider experiments. Specifically, an
analysis of Bs decays typically involves selection crite-
ria that use the flight distance of the Bs meson, or the

How can we avoid theoretical input? →

• Effective Bs decay lifetimes:

τf ≡
∫∞

0
t 〈Γ(Bs(t)→ f)〉 dt∫∞

0
〈Γ(Bs(t)→ f)〉 dt =

τBs
1− y2

s

[
1 + 2Af∆Γys + y2

s

1 +Af∆Γys

]

⇒ BR (Bs → f)theo =
[
2−

(
1− y2

s

)
τf/τBs

]
BR (Bs → f)exp (11)

→ advocate the use of this relation for Particle Listings (PDG, HFAG)



Bs → V V Decays

• Another application is given by Bs decays into two vector mesons:

– Examples: Bs → J/ψφ, Bs → K∗0K̄∗0, Bs → D∗+s D∗−s , ...

• Angular analysis of the vector-meson decay products has to be performed
to disentangle the CP-even (0, ‖) and CP-odd (⊥) states (labelled by k):

f exp
V V,k =

BRV V,k
exp

BRV V
exp

, BRV Vexp ≡
∑

k

BRV V,kexp ⇒
∑

k

f exp
V V,k = 1.

• Conversion of the “experimental” into the “theoretical” branching ratios:

– Using theory info about AV V,k∆Γ = −ηk
√

1− C2
V V,k cos(φs+∆φV V,k):

BRV Vtheo =
(
1− y2

s

)
[ ∑

k=0,‖,⊥

f exp
V V,k

1 + ysAV V,k∆Γ

]
BRV Vexp

– Using effective lifetime measurements:

BRV V
theo = BRV Vexp

∑

k=0,‖,⊥

[
2−

(
1− y2

s

) τV Vk
τBs

]
f exp
V V,k

[See also LHCb, arXiv:1111.4183; S. Descotes-Genon, J. Matias & J. Virto (2011)]



� Key Bs Decay: B0
s → µ+µ−

What is the impact of ∆Γs 6= 0 on this decay?

Probing New Physics via the B0
s ! !þ!" Effective Lifetime
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We have recently seen new upper bounds for B0
s ! !þ!", a key decay to search for physics beyond

the standard model. Furthermore a nonvanishing decay width difference !"s of the Bs system has been

measured. We show that !"s affects the extraction of the B0
s ! !þ!" branching ratio and the resulting

constraints on the new physics parameter space and give formulas for including this effect. Moreover, we

point out that !"s provides a new observable, the effective B0
s ! !þ!" lifetime "!þ!" , which offers a

theoretically clean probe for new physics searches that is complementary to the branching ratio. Should

the B0
s ! !þ!" branching ratio agree with the standard model, the measurement of "!þ!" , which

appears feasible at upgrades of the Large Hadron Collider experiments, may still reveal large new

physics effects.

DOI: 10.1103/PhysRevLett.109.041801 PACS numbers: 13.20.He, 12.60."i

Introduction.—Thanks to the Large Hadron Collider
(LHC) at CERN we have entered a new era of particle
physics. One of the most promising processes for probing
the quark-flavor sector of the standard model (SM) is the
rare decay B0

s ! !þ!". In the SM, it originates only from
box and penguin topologies, and the CP-averaged branch-
ing ratio is predicted to be [1]

BR ðBs ! !þ!"ÞSM ¼ ð3:2& 0:2Þ ' 10"9; (1)

where the error is fully dominated by nonperturbative QCD
effects determined through lattice studies. The most strin-
gent experimental upper bound on this branching ratio is
given by BRðBs ! !þ!"Þ<4:5' 10"9 at the 95% con-
fidence level (C.L.) [2].

In the presence of new physics (NP), there may be
additional contributions through new particles in the loops
or new contributions at the tree level, which are forbidden
in the SM (see Ref. [1] and references therein).

A key feature of the Bs-meson system is B0
s- #B

0
s mixing.

This quantum mechanical effect gives rise to time-
dependent oscillations between the B0

s and #B0
s states. In

contrast to the Bd system, we expect a sizable difference

!"s ( "ðsÞ
L " "ðsÞ

H between the decay widths of the light
and heavy Bs mass eigenstates [3].

Performing a time-dependent analysis of B0
s ! J=c#,

the LHCb collaboration has recently reported !"s ¼
ð0:116& 0:019Þ ps"1 [4], which represents the current
most precise measurement of this observable.

As we pointed out in Ref. [5], the sizable !"s compli-
cates the extraction of the branching ratios of Bs-meson
decays, leading to systematic biases as large as Oð10%Þ
that depend on the dynamics of the decay at hand.

In the case of the B0
s ! !þ!" channel, the comparison

of the experimentally measured branching ratio with the

theoretical prediction (1) is also affected by this effect,
which has so far been neglected in the literature.
It can be included through a measurement of the effec-

tive B0
s ! !þ!" lifetime. As B0

s ! !þ!" is a rare de-
cay, it turns out that this observable offers another sensitive
probe for NP that is theoretically clean and complementary
to the branching ratio.
The general Bs ! !þ!" amplitudes.—The general

low-energy effective Hamiltonian for the #B0
s ! !þ!"

decay can be written as

H eff ¼ " GFffiffiffi
2

p
$
V)
tsVtb%½C10O10 þ CSOS þ CPOP

þ C0
10O

0
10 þ C0

SO
0
S þ C0

PO
0
P+: (2)

Here GF is Fermi’s constant, the Vqq0 are elements of the
Cabibbo–Kobayashi–Maskawa (CKM) matrix, % is the
QED fine structure constant, the Ci, C

0
i are Wilson coef-

ficients encoding the short-distance physics, while the

O10 ¼ ð #s&!PLbÞð #‘&!&5‘Þ
OS ¼ mbð #sPRbÞð #‘‘Þ
OP ¼ mbð #sPRbÞð #‘&5‘Þ

(3)

are four-fermion operators with PL;R ( ð1, &5Þ=2, and
mb is the b-quark mass. TheO0

i are obtained from theOi by
making the replacements PL $ PR. Only operators result-
ing in nonvanishing contributions to #B0

s ! !þ!" are in-
cluded in (2). In particular, the matrix elements of
operators involving the #‘&!‘ vector current vanish.
This notation is similar to Ref. [6], where a model-

independent analysis of NP effects in b ! s transitions
was performed. In the SM, as assumed in (1), only C10 is
nonvanishing and given by the real coefficient CSM

10 . An
outstanding feature of #B0

s ! !þ!" is the sensitivity to

PRL 109, 041801 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
27 JULY 2012

0031-9007=12=109(4)=041801(4) 041801-1 ! 2012 American Physical Society



General Features of B0
s(d) → µ+µ− Decays

• Only loop contributions in the SM ⊕ helicity suppression:

b

t

t

W
Z

µ

µ

s(d)

B0
s(d)

b

t

W

W

µ

µ

νµB0
s(d)

s(d)

⇒ strongly suppressed & sensitive to New Physics (NP)

• Hadronic sector: only Bs(d)-decay constant fBs(d)
enters:

⇒ B0
s(d) → µ+µ− belong to the cleanest rare B decays

• SM predictions: BR(Bs → µ+µ−) = (3.23± 0.27)× 10−9

BR(Bd → µ+µ−) = (1.07± 0.10)× 10−10

[Buras, Girrbach, Guadagnoli & Isidori (2012); address also soft photon corrections]

NP may – in principle – enhance BRs significantly...

[Babu & Kolda, Dedes et al., Foster et al., Carena et al., Isidori & Paradisi, ... ]



• Situation in different supersymmetric flavour models, showing also the
impact of recent LHCb upper bounds on BR(Bs,d → µ+µ−):24 Andrzej J. Buras and Jennifer Girrbach

Fig. 5. Results in different SF models [2] as collected in [107]. The impact of the

new LHCb bounds in (2) and (3) is shown.

4. Next, while the abelian AC model resolves the present UT tensions
[24–29,109,110] through the modification of the ratio ∆Md/∆Ms, the non-
abelian flavour models RVV2 and AKM provide the solution through NP
contributions to εK . As the ratio ∆Md/∆Ms within the SM is roughly
correct and cannot be changed by much, it appears at first sight that the
AC model cannot remove the |εK | − SψKS

anomaly. However, in order to
be sure a new analysis of this model has to be performed.

5. The branching ratios for K → πνν̄ decays in the supersymmetric
models considered by us remain SM-like and can be distinguished from RSc
and LHT models where they can still be significantly enhanced.

In summary although the large range of departures from SM expecta-
tions found in [2] has been significantly narrowed, still significant room for
novel SUSY effects is present in quark flavour data. Assuming that SUSY
particles will be found, the future improved data for Bs,d → µ+µ− and
Sψφ as well as γ combined with |Vub| should help in distinguishing between
various supersymmetric flavour models.

3.9. Supersymmetric SO(10) GUT model

GUTs open the possibility to transfer the neutrino mixing matrix UPMNS

to the quark sector. This is accomplished in a controlled way in a SUSY
GUT model proposed by Chang, Masiero and Murayama (CMM model)
where the atmospheric neutrino mixing angle induces new b → s and τ → µ
transitions [111, 112]. We have performed a global analysis in the CMM

[D. Straub (2010); A.J. Buras & J. Girrbach (2012)]



The Limiting Factor for the BR(B0
s → µ+µ−) Measurement:

• The analysis of B0
s → µ+µ− relies on normalization channels:

BR(B0
s → µ+µ−) = BR(Bq → X)

εX
εµµ

Nµµ
NX

fq
fs

– ε factors are total detector efficiencies.

– N factors denote the observed numbers of events.

– fq are fragmentation functions, which describe the probability that a
b quark will fragment in a Bq meson (q ∈ {u, d, s}).

• A closer look shows: fs/fd is the major source of uncertainty:

⇒ “boring” non-perturbative, hadronic parameter ...

• New method:→ use non-leptonic B decays to determine fs/fd @ LHCb

⇒ U -spin-related B̄0
s → D+

s π
−, B̄0

d → D+K− system:

[R.F., Nicola Serra & Niels Tuning (2010)]
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• Prime examples for “factorization”: [← Bjorken (’89), Dugan & Grinstein (’91);

Beneke, Buchalla, Neubert & Sachrajda (’00); Bauer, Pirjol & Steward (’01); ...]

– Non-fact. SU(3)-breaking corrections: tiny (constrainted through data).

– Factorizable SU(3)-breaking corrections:

→ form-factor ratio [QCD sum rule; lattice QCD analyses]:

⇒ ratio of branching ratios can be calculated

⇒ fs
fd

=
Ns
Nd
× ε(B̄

0
d → D+K−)

ε(B̄0
s → D+

s π−)︸ ︷︷ ︸
experiment

× BR(B̄0
d → D+K−)

BR(B̄s → D+
s π−)︸ ︷︷ ︸

theory

• LHCb (using also a variant with B̄0
d → D+π−): [PRL (2011)]

fs/fd = 0.253± 0.017(stat.)± 0.017(syst.)± 0.020(theo.)

[excellent agreement with measurements using semileptonic decays]

• Lattice: Fermilab Lattice & MILC [arXiv:1202.6346 [hep-lat]]



• New LHCb analysis of the B0
s → D−s π

+, B0
d → D−π+ strategy:

→ dependence of fs/fd on the transverse momentum and pseudo rapidity:
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Figure 2: Ratio of fragmentation fractions fs/fd as functions of (a) pT and (b) η. The
errors on the data points are the statistical and uncorrelated systematic uncertainties
added in quadrature. The solid line is the result of a linear fit, and the dashed line
corresponds to the fit for the no-dependence hypothesis. The average value of pT or η
is determined for each bin and used as the center of the bin. The horizontal error bars
indicate the bin size. Note that the scale is zero suppressed.

decays [4]. The two independent results are combined taking into account the various
sources of correlated systematic uncertainties, notably the D−

(s) branching fractions and

B0
(s) lifetimes, to give

fs

fd

= 0.256 ± 0.020, (3)

which supersedes the previous measurement from LHCb.
The value of fs/fd in bins of pT or η is determined using the B0

s → D−
s π

+ and
B0→ D−π+ decay modes and is presented in Fig. 2. A linear χ2 fit gives

fs/fd (pT) = (0.256 ± 0.020) + (−2.0 ± 0.6) × 10−3/ GeV/c × (pT − �pT�)
fs/fd (η) = (0.256 ± 0.020) + (0.005 ± 0.006) × (η − �η�),

with �pT� = 10.4 GeV/c and �η� = 3.28. The data points are normalised with a scale
factor to match the average value of 0.256. The uncertainty associated to this parameter
is taken from Eq. 3, whilst the error from the fit is 0.003 for both pT and η.

The p-value for this linear fit is found to be 0.16 (0.87) for pT (η). The observed slope
for the dependence on the transverse momentum of the B0

(s) meson deviates from zero

with a significance of three standard deviations. No indication of a dependence on η(B) is
found.
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decays [4]. The two independent results are combined taking into account the various
sources of correlated systematic uncertainties, notably the D−

(s) branching fractions and

B0
(s) lifetimes, to give

fs

fd

= 0.256 ± 0.020, (3)

which supersedes the previous measurement from LHCb.
The value of fs/fd in bins of pT or η is determined using the B0

s → D−
s π

+ and
B0→ D−π+ decay modes and is presented in Fig. 2. A linear χ2 fit gives

fs/fd (pT) = (0.256 ± 0.020) + (−2.0 ± 0.6) × 10−3/ GeV/c × (pT − �pT�)
fs/fd (η) = (0.256 ± 0.020) + (0.005 ± 0.006) × (η − �η�),

with �pT� = 10.4 GeV/c and �η� = 3.28. The data points are normalised with a scale
factor to match the average value of 0.256. The uncertainty associated to this parameter
is taken from Eq. 3, whilst the error from the fit is 0.003 for both pT and η.

The p-value for this linear fit is found to be 0.16 (0.87) for pT (η). The observed slope
for the dependence on the transverse momentum of the B0

(s) meson deviates from zero

with a significance of three standard deviations. No indication of a dependence on η(B) is
found.

9

[LHCb Collaboration, arXiv:1301.5286 [hep-ex]]



Current Experimental Situation of B0
s → µ+µ−:

• Tevatron: → “legacy” ...

– DØ (2013): BR(B0
s → µ+µ−) < 15× 10−9 (95% C.L.)

– CDF (2013): BR(B0
s → µ+µ−) < 31× 10−9 (95% C.L.)

• Large Hardon Collider: → future ...

– ATLAS (2012): BR(B0
s → µ+µ−) < 22× 10−9 (95% C.L.)

– CMS (2012): BR(B0
s → µ+µ−) < 7.7× 10−9 (95% C.L.)

– Finally first evidence for B0
s → µ+µ− @ LHCb (2012):

BR(B0
s → µ+µ−) = (3.2+1.5

−1.2)× 10−9

⇒ falls into the SM regime although the error is still very large ...

• ∆Γs 6= 0 has been ignored in these considerations:

– What is the impact for the theoretical interpretation of the data?

– Can we actually take advantage of ∆Γs 6= 0?





The General Bs → µ+µ− Amplitudes

• Low-energy effective Hamiltonian for B̄0
s → µ+µ−: SM ⊕ NP

Heff = − GF√
2π
V ∗tsVtbα

[
C10O10+CSOS+CPOP+C ′10O

′
10+C ′SO

′
S+C ′PO

′
P

]

[GF: Fermi’s constant, Vqq′: CKM matrix elements, α: QED fine structure constant]

• Four-fermion operators, with PL,R ≡ (1∓ γ5)/2 and b-quark mass mb:

O10 = (s̄γµPLb)(¯̀γµγ5`), O′10 = (s̄γµPRb)(¯̀γµγ5`)
OS = mb(s̄PRb)(¯̀̀ ), O′S = mb(s̄PLb)(¯̀̀ )
OP = mb(s̄PRb)(¯̀γ5`), O′P = mb(s̄PLb)(¯̀γ5`)

[Only operators with non-vanishing B̄0
s → µ+µ− matrix elements are included]

• The Wilson coefficients Ci, C
′
i encode the short-distance physics:

– SM case: only C10 6= 0, and is given by the real coefficient CSM
10 .

– Outstanding feature of B̄0
s → µ+µ−: sensitivity to (pseudo-)scalar

lepton densities → O(P )S, O′(P )S; WCs are still largely unconstrained.

[W. Altmannshofer, P. Paradisi & D. Straub (2011)→ model-independent NP analysis]



→ convenient to go to the rest frame of the decaying B̄0
s meson:

• Distinguish between the µ+
Lµ
−
L and µ+

Rµ
−
R helicity configurations:

|(µ+
Lµ
−
L )CP〉 ≡ (CP)|µ+

Lµ
−
L 〉 = eiφCP(µµ)|µ+

Rµ
−
R〉

[eiφCP(µµ) is a convention-dependent phase factor→ cancels in observables]

• General expression for the decay amplitude [ηL = +1, ηR = −1]:

A(B̄0
s → µ+

λµ
−
λ ) = 〈µ−λµ+

λ |Heff|B̄0
s〉 = − GF√

2π
V ∗tsVtbα

×fBsMBsmµC
SM
10 e

iφCP(µµ)(1−ηλ)/2 [ηλP + S]

• Combination of Wilson coefficient functions [CP-violating phases ϕP,S]:

P ≡ |P |eiϕP ≡ C10 − C ′10

CSM
10

+
M2
Bs

2mµ

(
mb

mb +ms

)(
CP − C ′P
CSM

10

)
SM−→ 1

S ≡ |S|eiϕS ≡
√

1− 4
m2
µ

M2
Bs

M2
Bs

2mµ

(
mb

mb +ms

)(
CS − C ′S
CSM

10

)
SM−→ 0

[fBs: Bs decay constant, MBs: Bs mass, mµ: muon mass, ms: strange-quark mass]



The Bs → µ+µ− Observables

• Key quantity for calculating the CP asymmetries and the untagged rate:

ξλ ≡ −e−iφs
[
eiφCP(Bs)

A(B̄0
s → µ+

λµ
−
λ )

A(B0
s → µ+

λµ
−
λ )

]

⇒ A(B0
s → µ+

λµ
−
λ ) = 〈µ−λµ+

λ |H
†
eff|B0

s〉 is also needed ...

• Using (CP)†(CP) = 1̂ and (CP)|B0
s〉 = eiφCP(Bs)|B̄0

s〉 yields:

A(B0
s → µ+

λµ
−
λ ) = − GF√

2π
VtsV

∗
tbαfBsMBsmµC

SM
10

× ei[φCP(Bs)+φCP(µµ)(1−ηλ)/2] [−ηλP ∗ + S∗]

• The convention-dependent phases cancel in ξλ [ηL = +1, ηR = −1]:

ξλ = −
[

+ηλP + S

−ηλP ∗ + S∗

]
⇒ ξLξ

∗
R = ξRξ

∗
L = 1



CP Asymmetries:

• Time-dependent rate asymmetry: → requires tagging of B0
s and B̄0

s :

Γ(B0
s(t)→ µ+

λµ
−
λ )− Γ(B̄0

s(t)→ µ+
λµ
−
λ )

Γ(B0
s(t)→ µ+

λµ
−
λ ) + Γ(B̄0

s(t)→ µ+
λµ
−
λ )

=
Cλ cos(∆Mst) + Sλ sin(∆Mst)

cosh(yst/τBs) +Aλ∆Γ sinh(yst/τBs)

• Observables (for φNP
s = 0): → theoretically clean (no dependence on fBs):

Cλ ≡
1− |ξλ|2
1 + |ξλ|2

= −ηλ
[

2|PS| cos(ϕP − ϕS)

|P |2 + |S|2
]

SM−→ 0

Sλ ≡
2 Im ξλ

1 + |ξλ|2
=
|P |2 sin 2ϕP − |S|2 sin 2ϕS

|P |2 + |S|2
SM−→ 0

Aλ∆Γ ≡
2 Re ξλ

1 + |ξλ|2
=
|P |2 cos 2ϕP − |S|2 cos 2ϕS

|P |2 + |S|2
SM−→ 1

• Note: SCP ≡ Sλ, A∆Γ ≡ Aλ∆Γ are independent of the muon helicity λ.



• Difficult to measure the muon helicity: ⇒ consider the following rates:

Γ(
(-)

B0
s(t)→ µ+µ−) ≡

∑

λ=L,R

Γ(
(-)

B0
s(t)→ µ+

λµ
−
λ )

• Corresponding CP-violating rate asymmetry: → Cλ ∝ ηλ terms cancel:

Γ(B0
s(t)→ µ+µ−)− Γ(B̄0

s(t)→ µ+µ−)

Γ(B0
s(t)→ µ+µ−) + Γ(B̄0

s(t)→ µ+µ−)
=

SCP sin(∆Mst)

cosh(yst/τBs) +A∆Γ sinh(yst/τBs)

• Practical comments:

– It would be most interesting to measure this CP asymmetry since a
non-zero value immediately signaled CP-violating NP phases.
[See, e.g., Buras & Girrbach (’12) for Minimal U(2)3 models [Barbieri et al.])]

– Unfortunately, this is challenging in view of the tiny branching ratio
and as B0

s , B̄0
s tagging and time information are required.

[
Previous studies of CP asymmetries of B0

s,d → `+`− (assuming ∆Γs = 0):

Huang and Liao (2002); Dedes and Pilaftsis (2002), Chankowski et al. (2005)

]



Untagged Rate and Branching Ratio:

• The first measurement concerns the “experimental” branching ratio:

BR
(
Bs → µ+µ−

)
exp
≡ 1

2

∫ ∞

0

〈Γ(Bs(t)→ µ+µ−)〉 dt

→ time-integrated untagged rate, involving

〈Γ(Bs(t)→ µ+µ−)〉 ≡ Γ(B0
s(t)→ µ+µ−) + Γ(B̄0

s(t)→ µ+µ−)

∝ e−t/τBs
[
cosh(yst/τBs) +A∆Γ sinh(yst/τBs)

]

• Conversion into the “theoretical” branching ratio: → NP searches:

BR(Bs → µ+µ−) =

[
1− y2

s

1 +A∆Γ ys

]
BR(Bs → µ+µ−)exp

• A∆Γ depends on NP and is hence unknown: ∈ [−1,+1]⇒ two options:

– Add extra error: ∆BR(Bs → µ+µ−)|ys = ±ysBR(Bs → µ+µ−)exp.

– ASM
∆Γ = 1 gives new SM reference value [rescale BRSM by 1/(1−ys)]:

BR(Bs → µ+µ−)SM|ys = (3.54± 0.30)× 10−9.



Effective Bs → µ+µ− Lifetime:

� Collecting more and more data ⊕ include decay time information ⇒

• Access to the effective Bs → µ+µ− lifetime:

τµ+µ− ≡
∫∞

0
t 〈Γ(Bs(t)→ µ+µ−)〉 dt∫∞

0
〈Γ(Bs(t)→ µ+µ−)〉 dt

• A∆Γ can then be extracted: A∆Γ =
1

ys

[
(1− y2

s)τµ+µ− − (1 + y2
s)τBs

2τBs − (1− y2
s)τµ+µ−

]

• Finally, extraction of the “theoretical” BR: → clean expression:

BR
(
Bs → µ+µ−

)
=

[
2−

(
1− y2

s

) τµ+µ−

τBs

]
BR

(
Bs → µ+µ−

)
exp

︸ ︷︷ ︸
→ only measurable quantities

– It is crucial that A∆Γ does not depend on the muon helicity.

– Important new measurement for the high-luminosity LHC upgrade:

⇒ precision of 5% or better appears feasible for τµ+µ− ...



Constraints on New Physics

• Information from the Bs → µ+µ− branching ratio:

R ≡ BR(Bs → µ+µ−)exp

BR(Bs → µ+µ−)SM
=

[
1 +A∆Γys

1− y2
s

] (
|P |2 + |S|2

)

=

[
1 + ys cos 2ϕP

1− y2
s

]
|P |2 +

[
1− ys cos 2ϕS

1− y2
s

]
|S|2 LHCb

= 0.99+0.47
−0.38

– R does not allow a separation of the P and S contributions:

⇒ large NP could be present, even if the BR is close to the SM value.

• Further information from the measurement of τµ+µ− yielding A∆Γ:

|S| = |P |
√

cos 2ϕP −A∆Γ

cos 2ϕS +A∆Γ

⇒ offers a new window for New Physics in Bs → µ+µ−



How does the situation in NP parameter space look like?

• Current constraints in the |P |–|S| plane and illustration of those following

from a future measurement of the Bs → µ+µ− lifetime yielding A∆Γ:
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00
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−0.38

Illustration for A∆Γ(ϕP,S = 0, π)



• Illustration of the allowed regions in the R–A∆Γ plane for scenarios with
scalar or non-scalar NP contributions:

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
R ≡ BRexp(Bs→ µ+µ−)/BRSM(Bs→ µ+µ−)
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Γ
(B

s
→

µ
+
µ
−

)
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ϕP = π/2

|P | = 1, |S| = 0

|S| = 1

ϕS = π/2

ϕS = π/4

ϕ
S = 0

Scalar NP (C
(′)
S )

Pseudo-scalar

NP (C
(′)
P )

|S|, ϕS free; P = 1

ϕP free; |S| = 0; |P | = 1± 10%

R = 0.99+0.47
−0.38



• Authors have started to include the effect of ∆Γs in analyses of the
constraints on NP that are implied by BR(Bs → µ+µ−)exp:

O. Buchmueller, R. Cavanaugh, M. Citron, A. De Roeck, M. J. Dolan, J. R. Ellis,

H. Flächer and S. Heinemeyer et al., “The CMSSM and NUHM1 in Light of 7 TeV

LHC, Bs → µ+µ− and XENON100 Data,” arXiv:1207.7315 [hep-ph]

T. Hurth and F. Mahmoudi, “The Minimal Flavour Violation benchmark in view of the

latest LHCb data,” arXiv:1207.0688 [hep-ph]

A. J. Buras and J. Girrbach, “On the Correlations between Flavour Observables in

Minimal U(2)3 Models,” arXiv:1206.3878 [hep-ph]

W. Altmannshofer and D. M. Straub, “Cornering New Physics in b→ s Transitions,”

arXiv:1206.0273 [hep-ph]

D. Becirevic, N. Kosnik, F. Mescia and E. Schneider, “Complementarity of the

constraints on New Physics from Bs → µ+µ− and from B → K`+`− decays,”

arXiv:1205.5811 [hep-ph]

F. Mahmoudi, S. Neshatpour and J. Orloff, “Supersymmetric constraints from Bs →
µ+µ− and B → K∗µ+µ− observables,” arXiv:1205.1845 [hep-ph]

T. Li, D. V. Nanopoulos, W. Wang, X. -C. Wang and Z. -H. Xiong, “Rare B decays in

the flip SU(5) Model,” JHEP 1207 (2012) 190 arXiv:1204.5326 [hep-ph]

...



� Different Hot Topic:

Precision Studies of CP Violation

Bd→ J/ψKS, Bs→ J/ψφ, Bs→ J/ψf0(980)

• Allow measurements of the B0
d,s–B̄

0
d,s mixing phases φd,s.

• Uncertainties from doubly Cabibbo-suppressed penguin contributions.

• These effects are usually neglected, cannot be calculated reliably ...

⇒ How big are they & how can they be controlled?



Experimental Situation
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• B0
s–B̄0

s mixing phase: B0
s B̄0

s

b

bs

s

W

W

u, c, t u, c, t B0
s B̄0

s

b

bs

s

NP
?

φcc̄ss ≡ φs = φSM
s + φNP

s = −2λ2η + φNP
s

• HFAG average:

φs = −(2.5+4.8
−5.2)◦ vs. φSM

s = −(2.08± 0.09)◦



B0
d → J/ψKS ⊕ B0

s → J/ψKS

Current picture of the penguin parameters?

[Thanks to Kristof De Bruyn for plots/numerics; work in progress.]



The Decay Bd → J/ψKS

b

c

c

s

d

d

K
0

J/ψ

B
0

d W B
0

d

b

c

c

s

d

d

J/ψ

K
0

u, c, t

W

colour singlet
exchange

• Decay amplitude in the SM:

A(B0
d → J/ψKS) = λ

(s)
c

[
A

(c)′
T +A

(c)′
P

]
+ λ

(s)
u A

(u)′
P + λ

(s)
t At

′
P

• Unitarity of the CKM matrix: ⇒ λ
(s)
t = −λ(s)

c − λ(s)
u [λ

(s)
q ≡ VqsV ∗qb]:

⇒ A(B0
d → J/ψKS) =

(
1− λ2/2

)
A′
[
1 + ε a′eiθ

′
eiγ
]

A′ ≡ λ2A
[
A

(c)′
T +A

(c)′
P −A(t)′

P

]
, a′eiθ

′ ≡ Rb
[

A
(u)′
P −A(t)′

P

A
(c)′
T +A

(c)′
P −A(t)′

P

]

A ≡ |Vcb|/λ2 ∼ 0.8, Rb ≡
(

1− λ
2

2

)
1

λ

∣∣∣∣
Vub
Vcb

∣∣∣∣ ∼ 0.5, ε ≡ λ2

1− λ2
= 0.053



• Time-dependent CP asymmetry (CP-odd final state):

Γ(B0
d → J/ψKS)− Γ(B̄0

d → J/ψKS)

Γ(B0
d → J/ψKS) + Γ(B̄0

d → J/ψKS)

= C(Bd → J/ψKS) cos(∆Mdt)− S(Bd → J/ψKS) sin(∆Mdt)

• CP-violating observables: [φd = 2β + φNP
d → B0

d–B̄0
d mixing phase]

C(Bd → J/ψKS) = − 2εa sin θ sin γ

1 + 2εa cos θ cos γ + ε2a2

S(Bd → J/ψKS)√
1− C(Bd → J/ψKS)2

= sin(φd + ∆φd)

sin ∆φd =
2εa′ cos θ′ sin γ + ε2a′2 sin 2γ

(1 + 2εa′ cos θ′ cos γ + ε2a′2)
√

1− C(Bd → J/ψKS)2

cos ∆φd =
1 + 2εa′ cos θ cos γ + ε2a′2 cos 2γ

(1 + 2εa′ cos θ′ cos γ + ε2a′2)
√

1− C(Bd → J/ψKS)2

[Faller, R.F., Jung & Mannel (2008)]



• Current experimental status: [HFAG]

S(Bd → J/ψKS) = 0.665± 0.024

C(J/ψKS) = 0.024± 0.026 ⇒
√

1− C(J/ψKS)2 = 0.99971+0.00029
−0.00096

⇒ S(Bd → J/ψKS) = sin(φd + ∆φd) = 0.665± 0.024

• Illustration of the impact of the penguin topologies: a′eiθ
′ ∼ Rb

[
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How can we control ∆φd?

tan ∆φd =
2εa′ cos θ′ sin γ + ε2a′2 sin 2γ

1 + 2εa′ cos θ cos γ + ε2a′2 cos 2γ

→ hadronic parameters a′, θ′ cannot be calculated:

⇒ use control channel(s): B0
s → JψKS ⊕ U -spin symmetry

[R.F., Eur. Phys. J. C 10 (1999) 299 [hep-ph/9903455]]



The Decay Bs → J/ψKS

b

c

c

J/ψ

W d

s

s

B
0

s

KS

b

c

c

J/ψ

u, c, t

W

colour singlet
exchange

d

s

s

B
0

s

KS

• Decay amplitude:

A(B0
s → J/ψKS) = λ

(d)
c

[
A

(c)
T +A

(c)
P

]
+ λ

(d)
u A

(u)
P + λ

(d)
t AtP

• Unitarity of the CKM matrix: λ
(d)
t = −λ(d)

c − λ(d)
u

⇒ A(B0
s → J/ψKS) = −λA

[
1− aeiθeiγ

]

A ≡ λ2A
[
A

(c)
T +A

(c)
P −A

(t)
P

]
, aeiθ ≡ Rb

[
A

(u)
P −A(t)

P

A
(c)
T +A

(c)
P −A

(t)
P

]

• In contrast to B0
d → J/ψKS, aeiθ is not suppressed by ε = 0.05:

⇒ penguin effects are “magnified”!



• Untagged rate: 〈Γ(Bs(t)→ f)〉 ≡ Γ(B0
s(t)→ f) + Γ(B̄0

s(t)→ f)

〈Γ(Bs(t)→ f)〉 ∝
[
cosh

(
ys t

τBs

)
+Af∆Γ sinh

(
ys t

τBs

)]

– “Experimental” branching ratio: [ys ≡ ∆Γs/(2 Γs) ∼ 0.1]

BR (Bs → f)exp ≡ 1

2

∫ ∞

0

〈Γ(Bs(t)→ f)〉 dt

– “Theoretical” branching ratio: → will be used below ...

BR (Bs → f)theo ≡
τBs
2
〈Γ(B0

s(t)→ f)〉
∣∣∣
t=0

• Conversion between both BRs: → effective decay lifetime τf useful:

BR (Bs → f)theo =

[
1− y2

s

1 +Af∆Γ ys

]
BR (Bs → f)exp

=

[
2−

(
1− y2

s

) τf
τBs

]
BR (Bs → f)exp

[De Bruyn, R.F., Knegjens, Koppenburg, Merk & Tuning (2012); see above]



• Useful quantity: [ΦsJ/ψKS
, ΦdJ/ψKS

: phase-space factors]

H ≡ 1

ε

∣∣∣∣
A′
A

∣∣∣∣
2
[
τBdΦ

d
J/ψKS

τBsΦ
s
J/ψKS

]
BR (Bs → J/ψKS)theo

BR(Bd → J/ψKS)theo

=
1− 2a cos θ cos γ + a2

1 + 2εa′ cos θ′ cos γ + ε2a′2

• Further B0
s → J/ψKS observables from tagged time-dependent rates:

Γ(B0
s → J/ψKS)− Γ(B̄0

s → J/ψKS)

Γ(B0
s → J/ψKS) + Γ(B̄0

s → J/ψKS)

=
C(Bs → J/ψKS) cos(∆Mst)− S(Bs → J/ψKS) sin(∆Mst)

cosh(∆Γst/2) +A∆Γ(Bs → J/ψKS) sinh(∆Γst/2)

⇒ C, S, A∆Γ

– Note that these observables are not independent: C2 +S2 +A2
∆Γ = 1.



Extraction of γ and Penguin Parameters

• U -spin flavour symmetry:

a = a′, θ = θ′

⇒ A′ = A

• Observables: H = function(a, θ, γ)

C(Bs → J/ψKS) = function(a, θ, γ)

S(Bs → J/ψKS) = function(a, θ, γ;φs)

⇒ γ, a and θ can be extracted from the 3 observables

[φs denotes the B0
s–B̄0

s mixing phase, with φSM
s = −2λ2η ∼ −2◦]

• Change of focus of interest since 1999:

– Extraction of γ @ LHCb is feasible but probably not competitive ...

– Assume that γ is know ⇒ clean determination of the penguin
parameters a, θ from C and S (further info from H).

[R.F. (1999); De Bruyn, R.F. & Koppenburg (2010)]



302 R. Fleischer: Extracting γ from Bs(d) → J/ψKS and Bd(s) → D+
d(s)

D−
d(s)

through

Γ (B(t) → f) + Γ (B(t) → f)

= PhSp × |N |2 ×
[
RHe−ΓHt + RLe−ΓLt

]
, (28)

where PhSp denotes an appropriate, straightforwardly cal-
culable phase-space factor. Consequently, the overall nor-
malization |N |2 is required in order to determine R. In
the case of the decay Bs → J/ψKS, this normalization can
be fixed through the CP-averaged Bd → J/ψKS rate with
the help of the U-spin symmetry.

In the case of Bd → J/ψKS, we have

N =

(
1 − λ2

2

)
A′, b = εa′,

ρ = θ′ + 180◦, with ε ≡ λ2

1 − λ2
, (29)

whereas we have in the Bs → J/ψKS case

N = −λA, b = a, ρ = θ. (30)

Consequently, we obtain

H ≡ 1

ε

( |A′|
|A|

)2 [
MBd

Φ(MJ/ψ/MBd
, MK/MBd

)

MBsΦ(MJ/ψ/MBs , MK/MBs)

]3 〈Γ 〉
〈Γ ′〉

=
1 − 2a cos θ cos γ + a2

1 + 2εa′ cos θ′ cos γ + ε2a′2 , (31)

where

Φ(x, y) =
√

[1 − (x + y)2] [1 − (x − y)2] (32)

is the usual two-body phase-space function, and 〈Γ 〉 ≡
〈Γ (Bs → J/ψKS)〉 and 〈Γ ′〉 ≡ 〈Γ (Bd → J/ψKS)〉 can
be determined from the “untagged” Bs(d) → J/ψKS rates
with the help of (27) and (28). Since the U-spin flavour
symmetry of strong interactions implies

|A′| = |A| (33)

and
a′ = a, θ′ = θ, (34)

we can determine a, θ and γ as a function of the B0
s–

B0
s mixing phase by combining H with Adir

CP ≡ Adir
CP(Bs →

J/ψKS) and Amix
CP ≡ Amix

CP (Bs → J/ψKS) or A∆Γ ≡
A∆Γ (Bs → J/ψKS). In contrast to certain isospin rela-
tions, electroweak penguins do not lead to any problems
in these U-spin relations. As we have already noted, the
B0

s–B0
s mixing phase φ = −2δγ is expected to be negligi-

bly small in the Standard Model. It can be probed with
the help of the decay Bs → J/ψφ (see, for example, [13]).
Large CP-violating effects in this decay would signal that
2δγ is not tiny, and would indicate new-physics contri-
butions to B0

s–B0
s mixing. Strictly speaking, in the case of

Bs → J/ψKS, we have φ = −2δγ−φK, where φK is related

to the K0–K0 mixing phase and is negligibly small in the
Standard Model. On the other hand, we have φ = 2β+φK

in the case of Bd → J/ψKS. Since the value of the CP-
violating parameter εK of the neutral kaon system is small,
φK can only be affected by very contrived models of new
physics [14].

An important by-product of the strategy described
above is that the quantities a′ and θ′ allow us to take
into account the penguin contributions in the determina-
tion of β from Bd → J/ψKS, which are presumably very
small because of the Cabibbo suppression of λ2/(1−λ2) in
(3). Moreover, using (34), we obtain an interesting relation
between the direct CP asymmetries arising in the modes
Bd → J/ψKS and Bs → J/ψKS and their CP-averaged
rates:

Adir
CP(Bd → J/ψKS)

Adir
CP(Bs → J/ψKS)

= −εH (35)

= −
( |A′|

|A|

)2 [
MBd

Φ(MJ/ψ/MBd
, MK/MBd

)

MBsΦ(MJ/ψ/MBs , MK/MBs)

]3 〈Γ 〉
〈Γ ′〉 .

An analogous relation holds also between the B± → π±K
and B± → K±K CP-violating asymmetries [11,12]. At
“second-generation” B-physics experiments at hadron ma-
chines, for instance at LHCb, the sensitivity may be good
enough to resolve a direct CP asymmetry in Bd → J/ψKS.
In view of the impressive accuracy that can be achieved in
the era of such experiments, it is also an important issue
to think about the theoretical accuracy of the determi-
nation of β from Bd → J/ψKS. The approach discussed
above allows us to control these – presumably very small
– hadronic uncertainties with the help of Bs → J/ψKS.

Interestingly, the strategy to extract γ from Bs(d) →
J/ψKS decays does not require a non-trivial CP-conserving
strong phase θ. However, its experimental feasibility de-
pends strongly on the value of the quantity a introduced in
(9). It is very difficult to estimate a theoretically. In con-
trast to the “usual” QCD penguin topologies, the QCD
penguins contributing to Bs(d) → J/ψKS require a colour-
singlet exchange, as indicated in Fig. 1 through the dashed
lines, and are “Zweig-suppressed”. Such a comment does
not apply to the electroweak penguins, which contribute
in “colour-allowed” form. The current–current amplitude
Ac

cc is due to “colour-suppressed” topologies, and the ratio
Aut

pen/(Ac
cc + Act

pen), which governs a, may be sizeable. It
is interesting to note that the measured branching ratio
BR(B0

d → J/ψK0) = 2BR(B0
d → J/ψKS) = (8.9 ± 1.2) ×

10−4 [15] probes only the combination A′ ∝
(
Ac′

cc + Act′
pen

)

of current–current and penguin amplitudes, and obviously
does not allow us to separate these contributions. It would
be very important to have a better theoretical understand-
ing of the quantity aeiθ. However, such analyses are far
beyond the scope of this paper, and are left for further
studies. If we use

BR(Bs → J/ψKS)

BR(Bd → J/ψKS)
= εH

( |A|
|A′|

)2

×
[

MBsΦ(MJ/ψ/MBs , MK/MBs)

MBd
Φ(MJ/ψ/MBd

, MK/MBd
)

]3
τBs

τBd

(36)



Current information on the
penguin parameters?

• B0
s → J/ψKS has been observed by CDF and LHCb, but only the BR.

• Use data for decays with a CKM structure similar to B0
s → J/ψKS:

B0
d → J/ψπ0, B+ → J/ψπ+

... and complement them with data for B0
d → J/ψK0, B+ → J/ψK+.

Work in progress with K. De Bruyn & P. Koppenburg

see also Ciuchini, Pierini & Silvestrini (2005);

Faller, R.F., Jung & Mannel (2008);

Jung (2012)



Compilation of H Observables

• BR ratios, including factorizable SU(3)-breaking corrections:

H ≡ 1

ε

∣∣∣∣
A′
A

∣∣∣∣
2
[
τBdΦ

d
J/ψKS

τBsΦ
s
J/ψKS

]
BR (Bs → J/ψKS)theo

BR(Bd → J/ψKS)theo

0.75 1.00 1.25 1.50 1.75

Hobs

Average

(
BR(B0

s → J/ψK0
S)/BR(B0

d → J/ψK0
S)
)

LHCb

(BR(B+
u → J/ψπ+)/BR(B+

u → J/ψK+))LHCb

BR(B0
d → J/ψπ0) & BR(B0

d → J/ψK0)

BR(B0
d → J/ψπ0) & BR(B+

u → J/ψK+)

BR(B+
u → J/ψπ+) & BR(B0

d → J/ψK0)

BR(B+
u → J/ψπ+) & BR(B+

u → J/ψK+)

1.19± 0.04 (stat)± 0.21 (FF)

1.16± 0.15 (stat)± 0.21 (FF)

1.19± 0.04 (stat)± 0.21 (FF)

1.25± 0.12 (stat)± 0.22 (FF)

1.16± 0.11 (stat)± 0.21 (FF)

1.25± 0.23 (stat)± 0.22 (FF)

1.16± 0.21 (stat)± 0.21 (FF)



SU(3) Tests

• Neglecting penguin annihilation & exchange topologies:

ΞSU(3) ≡
BR(B0

s → J/ψK̄0)theo

2BR(B0
d → J/ψπ0)theo

τBd
τBs

Φd
J/ψπ0

ΦsJ/ψKS

SU(3)−→ 1

0.7 0.8 0.9 1.0 1.1 1.2 1.3

ΞSU(3)

ΞSU(3)(B
0
d → J/ψπ0)

ΞSU(3)(B
0
s → J/ψK0

S)

ΞSU(3)(B
+
u → J/ψπ+)

(Normalisation)

0.93± 0.15

1.02± 0.10



Constraints on Penguin Parameters
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Amix
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d → J/ψπ0)

Adir
CP(B0

d → J/ψK0)

Hobs

[39% and 68% C.L.]

a = 0.22± 0.13, θ = (180.2± 4.5)◦ [1σ ranges]

[Comparison with Faller, R.F., Jung & Mannel (’08): a ∈ [0.15, 0.67], θ ∈ [174, 213]◦]



Constraints on ∆φd
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a = 0.1

a = 0.2

a =
0.3

a
=

0.4

a
=

0.5

a
=

0.
6

a
=

0.7

39 % C.L.

68 % C.L.

∆φd = −(1.28± 0.74)◦

S(Bd → J/ψKS) = sin(φd + ∆φd) = 0.665± 0.024 ⇒

φd + ∆φd = (41.7± 1.7)◦ ⇒

φd = (43.0± 1.7|S ± 0.7|∆φd)◦ = (43.0± 1.8)◦

• Situation is similar in the extraction of φs from Bs → J/ψφ ...

• LHCb strategy document [arXiv:1208.3355]:

→ theory uncertainty of φs measurement quoted as ∼ 0.003 = 0.17◦!?



Prospects for LHCb Upgrade

• Extrapolation from toy study (i.e. not official LHCb):

90 110 130 150 170 190 210 230 250 270

θ[deg]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

a
39 % C.L.

68 % C.L.

Adir
CP(B0

s → J/ψK0
S)

Amix
CP (B0

s → J/ψK0
S)

A∆Γ(B0
s → J/ψK0

S)

• Comments:

– This determination of a and θ is theoretically clean.

– Relation to a′, θ′ (enter Bd → J/ψKS) through U -spin symmetry.

[Update of De Bruyn, R.F. & Koppenburg (2010)]



... Conversion into ∆φd

• Use U -spin symmetry between B0
s → J/ψKS and B0

d → J/ψKS:

a′ = a, θ′ = θ

⇒ tan ∆φd =
2εa′ cos θ′ sin γ + ε2a′2 sin 2γ

1 + 2εa′ cos θ cos γ + ε2a′2 cos 2γ
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U−spin Assumptions

ξ =
a′

a
= 1.0± 0.2

δ = θ′ − θ = [0± 20]◦

39 % C.L. (With U−spin breaking)

68 % C.L. (With U−spin breaking)

39 % C.L. (No U−spin breaking)

68 % C.L. (No U−spin breaking)
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S)



Bs→ J/ψφ:

⇒ Bs counterpart of Bd→ J/ψKS



CP Violation in Bs → J/ψφ
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• Final state is mixture of CP-odd and CP-even states:

→ disentangle through J/ψ[→ µ+µ−]φ[→ K+K−] angular distribution

• Impact of SM penguin contributions (which are usually neglected):

A(B0
s → (J/ψφ)f) ∝ Af

[
1 + λ2(afe

iθf)eiγ
]

Amix
CP,f = sinφs → sin(φs + ∆φfs)

• Smallish B0
s–B̄0

s mixing phase φs (indicated by data ...):

⇒ ∆φfs at the 1◦ level would have a significant impact ...

[Faller, R.F. & Mannel (2008)]



Control Channel: B0
s → J/ψK̄∗0
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s

s
K̄
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d

• Decay amplitude: A(B0
s → (J/ψK̄∗0)f) = λA′f

[
1− a′feiθ

′
feiγ

]

– Neglect PA and E topologies [upper bound on BR(B0
d → J/ψφ) ⇒

|E + PA|/|T | ∼< 0.1] and use the SU(3) flavour symmetry:

⇒ |Af | = |A′f | and af = a′f , θf = θ′f .

• Implementation: → no mixing-induced CP in B0
s → J/ψK̄∗0, but ...

– Untagged rate measurement ⊕ direct CP violation.

– Angular analysis is required to disentangle final states f ∈ {0, ‖,⊥}



Comments

• B0
s → J/ψK̄∗0 was observed by CDF and LHCb [arXiv:1208.0738]:

– Branching ratio (4.4+0.5
−0.4± 0.8)× 10−5 agrees well with the prediction

(4.6± 0.4)× 10−5 from Bd → J/ψρ0 [Faller, R.F. & Mannel (2008)].

– Polarization fractions agree well with those of B0
d → J/ψK∗0.

⇒ look forward to future data...

• Sensitivity at the LHCb upgrade (50 fb−1) [arXiv:1208.3355]:

∆φs|exp ∼ 0.008 = 0.46◦

– Theoretical uncertainty quoted as ∆φs|theo ∼ 0.003 = 0.17◦ (!), ...

– Data for B → J/ψπ, J/ψK decays with a similar dynamics:

∆φd = −(1.28± 0.74)◦

– Such phase shifts may mimic New Physics: Amix
CP,f = sin(φs + ∆φfs)

⇒ we have to get a handle on the penguin effects ...



Bs→ J/ψf0(980):

→ interesting new decay

The European Physical Journal

EPJ C
RecognizedbyEuropeanPhysicalSociety

Particles and Fields

volume 71 � number 12 � december � 2011

The effective B0
s → J/ψf0 lifetime as a function of the B0

s –B̄0
s mixing phase φs .

From R. Fleischer et al.: Anatomy of B0
s,d → J/ψf0(980)

Detailed analysis: R.F., R. Knegjens & G. Ricciardi, arXiv:1109.1112 [hep-ph];

see also arXiv:1110.5490 [hep-ph], giving a discussion of Bs,d → J/ψη(′)



General Features of B0
s → J/ψf0(980)
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• f0(980) is a scalar JPC = 0++ state: ⇒ no angular analysis is required!

• Dominant mode: B0
s → J/ψf0 with f0 → π+π−.

• Observation of B0
s → J/ψf0 at LHCb, Belle, DØ and CDF:

Rf0/φ ≡
BR(B0

s → J/ψf0; f0 → π+π−)

BR(B0
s → J/ψφ;φ→ K+K−)

∼ 0.25

... but as no angular analysis is required:

⇒ B0
s → J/ψf0 offers an interesting alternative to B0

s → J/ψφ

[S. Stone & L. Zhang (2009)]



Theoretical Uncertainties?

• Decay topologies:
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• The composition of the f0(980 is still poorly known: → 2 benchmarks:
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no counterpart in qq̄!

[R.F., R. Knegjens & G. Ricciardi, arXiv:1109.1112 [hep-ph]]



Amplitude Structure of B0
s → J/ψf0

• General SM parametrization:

A(B0
s → J/ψf0) ∝

[
1 + ε beiϑeiγ

]
with ε ≡ λ2/(1− λ2)

• Here we have introduced a CP-conserving hadronic parameter:

beiϑ ≡ Rb
[

A
(ut)
P +A

(u)
E +A

(ut)
PA

A
(c)
T +A

(ct)
P +A

(c)
E +A

(ct)
PA

]

→ hadron dynamics (?), but enters in a doubly Cabibbo-suppressed way

• Characteristic hadronic phase shift:

tan ∆φJ/ψf0
=

2εb cosϑ sin γ + ε2b2 sin 2γ

1 + 2εb cosϑ cos γ + ε2b2 cos 2γ

– Conservative range for beiθ: 0 ≤ b ≤ 0.5, 0◦ ≤ ϑ ≤ 360◦ ⇒

∆φJ/ψf0
∈ [−2.9◦, 2.8◦]



CP Violation in B0
s → J/ψf0

Γ(Bs(t)→ J/ψf0)− Γ(B̄s(t)→ J/ψf0)

Γ(Bs(t)→ J/ψf0) + Γ(B̄s(t)→ J/ψf0)
=

C cos(∆Mst)− S sin(∆Mst)

cosh(∆Γst/2) +A∆Γ sinh(∆Γst/2)
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• Mixing-induced CP asymmetry: S =
√

1− C2 sin(φs + ∆φ)

– Näıve SM value: (sinφs)|SM = −0.036± 0.002;

– Allowing for hadronic effects: S(B0
s → J/ψf0)

∣∣
SM
∈ [−0.086,−0.012]



Comments

• Should smallish CPV −0.1 ∼< S ∼< 0 be found:

⇒ crucial to constrain hadronic corrections to disentangle NP from SM

• LHCb result for φs from B0
s → J/ψf0:

φs = −(25± 25± 1)◦, corrsponds toS = −0.43+0.43
−0.34.

– Hadronic corrections were not taken into account; still some way to
go until we may eventually enter the limiting range −0.1 ∼< S ∼< 0:

S =
√

1− C2 sin(φs + ∆φ); ∆φJ/ψf0
∈ [−2.9◦, 2.8◦]

– LHCb [arXiv:1208.3355]: theory uncertainty of ∼ 0.01 = 0.57◦!?

• Average with B0
s → J/ψφ:

– Increase of exp. precision: average is problematic because of hadronic
effects and their different impact on B0

s → J/ψf0 and B0
s → J/ψφ.

– It will actually be interesting to compare the individual measurements.

[Remember discussions about averages for CP asymmetries in b→ s penguin modes]



Control Channel: B0
d → J/ψf0(980)

• Leading contributions emerge from the dd̄ component of the f0(980):

A(B0
d → J/ψf0) = −λA′

[
1− b′eiϑ′eiγ

]

• Measurement of branching ratio and CP-violating asymmetries:

⇒ b′ and ϑ′ can be (cleanly) determined

• Relation to the b and ϑ hadronic parameters of B0
s → J/ψf0:

– qq̄ interpretation of the f0(980): → b ≈ b′, ϑ ≈ ϑ′ through SU(3) if
mixing angle is significantly different from 0◦ or 180◦.

– Tetraquark description: topology contributing to B0
s → J/ψf0 does

not have a counterpart in B0
s → J/ψf0 → how important is it!?

→ hadronic f0 structure !?
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
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f0
W

• Branching ratio:

– 4q estimate: BR(B0
d → J/ψf0; f0 → π+π−) ∼ (1–3)× 10−6

– 1st LHCb analysis [arXiv:1301.5347 [hep-ex]]: < 1.1× 10−6 (90% C.L.)

[Details: R.F., R. Knegjens & G. Ricciardi, arXiv:1109.1112 [hep-ph]]



Effective Bs Decay Lifetimes:

→
{

constraints on the B0
s–B̄0

s mixing parameters

that are very robust w.r.t. hadronic parameters!

[R.F. & Rob Knegjens, arXiv:1109.5115 [hep-ph]]



General Formalism (See also above)

• Bs → f with a final state f into which both a B0
s and a B̄0

s can decay:

〈Γ(Bs(t)→ f)〉 ≡ Γ(B0
s(t)→ f) + Γ(B̄0

s(t)→ f)

= RfH e
−Γ

(s)
H
t+RfL e

−Γ
(s)
L
t ∝ e−Γst

[
cosh

(
∆Γst

2

)
+Af∆Γ sinh

(
∆Γst

2

)]

[
2Γs ≡ Γ

(s)
L + Γ

(s)
H , ∆Γs ≡ Γ

(s)
L − Γ

(s)
H

]
• Effective lifetime of the Bs → f decay: [ys ≡ ∆Γs/(2Γs), τBs = 1/Γs]

τf ≡
∫∞

0
t 〈Γ(Bs(t)→ f)〉 dt∫∞

0
〈Γ(Bs(t)→ f)〉 dt =

RfL/Γ
(s)2
L +RfH/Γ

(s)2
H

RfL/Γ
(s)
L +RfH/Γ

(s)
H

τf
τBs

=
1

1− y2
s

(
1 + 2Af∆Γ ys + y2

s

1 +Af∆Γ ys

)
= 1+Af∆Γ ys+

[
2− (Af∆Γ)2

]
y2
s+O(y3

s)

• Decay dynamics: → encoded in the observable Af∆Γ → ?



• Consider the case where f is a CP eigenstate with eigenvalue ηf :

A(B0
s → f) = Af1e

iδ
f
1eiϕ

f
1 +Af2e

iδ
f
2eiϕ

f
2

– Af1,2: real parameters (chosen to be ≥ 0)

– δf1,2: CP-conserving strong phases

– ϕf1,2: CP-violating weak phases (enter through CKM matrix elements)

→ general SM expression, using the unitarity of the CKM matrix

• B0
s–B̄0

s mixing formalism: Af∆Γ =
2 Re ξ

(s)
f

1 +
∣∣ξ(s)
f

∣∣2

ξ
(s)
f = −ηfe−iφs

[
e−iϕ

f
1 + hfe

iδfe−iϕ
f
2

eiϕ
f
1 + hfe

iδfeiϕ
f
2

]
, hfe

iδf ≡ Af2

Af1
ei(δ

f
2−δ

f
1 )

→ can derive compact expressions: ⇒

[φs ≡ φSM
s + φNP

s with φSM
s ≡ −2βs = −(2.08± 0.09)◦]



• Relevant combination for the calculation of the observable(s):

2 ξ
(s)
f

1 +
∣∣ξ(s)
f

∣∣2 = −ηf
√

1− C2
f e
−i(φs+∆φf)

– Direct CP asymmetry Cf of the Bs → f decay:

Cf ≡
1− |ξf |2

1 + |ξf |2
=

2hf sin δf sin(ϕf1 − ϕf2)

Nf

Nf ≡ 1 + 2hf cos δf cos(ϕf1 − ϕf2) + h2
f

– Hadronic phase shift [also expressions for sin ∆φf and cos ∆φf ]:

tan ∆φf =
sin 2ϕf1 + 2hf cos δf sin(ϕf1 + ϕf2) + h2

f sin 2ϕf2

cos 2ϕf1 + 2hf cos δf cos(ϕf1 + ϕf2) + h2
f cos 2ϕf2

.

• Final expression for Af∆Γ:

Af∆Γ = −ηf
√

1− C2
f cos(φs + ∆φf)



Lifetime Contours in the φs–∆Γs Plane

τf
τBs

=
1

1− y2
s

(
1 + 2Af∆Γ ys + y2

s

1 +Af∆Γ ys

)
⇒ cubic equation for ys:

y3
s + a2y

2
s + a1ys + a0 = 0

a0 ≡
τBs − τf
τfAf∆Γ

, a1 ≡
2 τBs − τf

τf
, a2 ≡

τBs + τf

τfAf∆Γ

.

• Analytic solution: formula by Girolamo Cardano [1501–1576]

→ details in arXiv:1109.5115 [hep-ph]

• Approximate solution: → excellent agreement with the exact solution:

ys ≡
∆Γs
2Γs

≈ −1

2

[
Af∆Γ

2− (Af∆Γ)2

]
±1

2

√√√√
[

Af∆Γ

2− (Af∆Γ)2

]2

+
4

τBs

[
τf − τBs

2− (Af∆Γ)2

]



Constraints from the B0
s → K+K−, J/ψf0 Lifetimes
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† Errors are for illustration

τJ/ψf0
= 1.700 ps ± 1%†

τK+K− = 1.455 ps ± 1%†

∆ΓTh
s /Γs = 0.133± 0.032

R.F. & R. Knegjens, arXiv:1109.5115 [hep-ph]; update: R. Knegjens, arXiv:1209.3206 [hep-ph]

Experimental overview: F. Dordei, arXiv:1212.3797 [hep-ex]



Comments

• The lifetime contours are very robust with respect to the hadronic
uncertainties, which are described by the ∆φJ/ψf0

and ∆φK+K−:

→ enter through Af∆Γ ∝ cos(φs + ∆φf)

... while the CP asymmetries are given by Sf ∝ sin(φs + ∆φf).

[∆φf : Bs → J/ψf0 see discussion above, and “backup slides” for Bs → K+K−]

• Improved measurements of the effective Bs → J/ψf0 and Bs → K+K−

lifetimes with 1% uncertainty will be very interesting.

• It would also be interesting to make such an analysis for the effective
lifetimes of the f ∈ {0, ‖,⊥} final-state configurations of Bs → (J/ψφ)f .



Conclusions

� New Frontiers in Precision Physics:

• Still no signals for New Physics @ LHC:

– Impressive (also frustrating ...), but more is yet to come!

– Prepare to deal with “smallish” NP effects:

⇒ Match experimental with theoretical precision!



Subtleties for Bs Branching Ratios

• LHCb has recently established ∆Γs 6= 0 at the 6σ level: ⇒

– Care has to be taken when dealing with Bs decay branching ratios.

– Some confusion in the (experimental) literature ...

• Discussed how the measured “experimental” Bs → f branching ratios
can be converted into the “theoretical” Bs → f branching ratios:

– Use theoretical input to determine Af∆Γ, depending on final state f :

→ hadronic parameters [use, e.g., SU(3)F ⊕ assumptions about NP].

– Use the measured effective Bs → f decay lifetime:

→ preferred avenue using only data: ⇒ BRs for particle listings

• Examples of specific Bs decays:

B0
s → J/ψf0(980), B0

s → J/ψKS, B0
s → D−s π

+, B0
s → K+K−,

B0
s → D+

s D
−
s , B0

s → J/ψφ, B0
s → K(∗)0K̄(∗)0, B0

s → D∗+s D∗−s , ...



What about B0
s → µ+µ− in the presence of ∆Γs 6= 0?

• The theoretical Bs → µ+µ− SM branching ratio has to be rescaled by
1/(1− ys) for the comparison with the experimental branching ratio:

⇒ new SM reference: BR(Bs → µ+µ−)SM|ys = (3.54± 0.30)× 10−9

• Bs → µ+µ− is a sensitive probe for physics beyond the SM:

– ∆Γs can be included in the NP constrains from BR(Bs → µ+µ−)exp.

• The effective lifetime τµ+µ− offers a new observable (yielding A∆Γ):

– Allows the extraction of the “theoretical” Bs → µ+µ− branching ratio.

– New theoretically clean observable to search for NP: ASM
∆Γ = +1

∗ In contrast to the BR no dependence on the Bs-decay constant fBs.

∗ May reveal NP effects even if the BR is close to the SM prediction:

still largely unconstrained (pseudo-)scalar operators O(P )S, O′(P )S.

⇒ exciting study the LHC upgrade physics programme!



Towards Controlling Penguins

• Penguin parameters following from the current B → J/ψπ, J/ψK data:

a = 0.22± 0.13, θ = (180.2± 4.5)◦ ⇒ ∆φd = −(1.28± 0.74)◦

• Interesting penguin probe for the LHCb upgrade era: B0
s → J/ψKS

– CP asymmetries allow clean extraction of a and θ.

– Relation to B0
d → J/ψKS through U -spin symmetry.

• Penguin uncertainties in B0
s → J/ψφ:

– ∆φd = −(1.28±0.74)◦ ∼ ∆φfs vs. φSM
s = −2◦ and ∆φs|exp ∼ 0.46◦.

– Control channels: B0
s → J/ψK̄∗0 (and B0

d → J/ψρ0, not in this lecture).

• Penguin uncertainties in B0
s → J/ψf0(980):

– Hadronic structure of f0(980) matters here!?

– Conservative range: S(B0
s → J/ψf0)

∣∣
SM
∈ [−0.086,−0.012].

– Interesting future channel: B0
d → J/ψf0(980).

• Effective Bs decay lifetimes: → contours in the φs–∆Γs plane

– Analysis is very robust with respect to hadronic uncertainties!



Backup Slides



Bs→ K+K−

⊕ U -Spin Partner

Bd→ π+π−



Decay Topologies & Amplitudes

• B0
s → K+K−: A(B0

s → K+K−) ∝ C
[
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• The decays Bd → π+π− and Bs → K+K− are related to each other
through the interchange of all down and strange quarks:

U -spin symmetry ⇒ d′ = d, θ′ = θ

– Determination of γ and hadronic parameters d(= d′), θ and θ′.

– Internal consistency check of the U -spin symmetry: θ
?
= θ′.

[R.F. (1999)]

• Detailed studies show that this strategy is very promising for LHCb:
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! (°)

d

! from B " h+h#

• Time-dependent CP asymmetries for B0 " $+$# and Bs " %+%#

ACP(t) = Adir cos(&mt) + Amix sin(&mt)

Adir and Amix depend on weak phases ! and 'd (or 's), 

and on ratio of penguin to tree amplitudes = d ei!

• Under U-spin symmetry  [Fleischer]

(interchange of d and s quarks)

d$$ = dKK and !$$ = !KK

" 4 measurements, 3 unknowns 

(taking 's & 'd from other modes) 

" can solve for !

• 26k B0 " $+$# events/year (LHCb)

37k Bs " %+%# " ((!) ~ 5°

• Uncertainty from U-spin assumption
Sensitive to new physics in penguins

Bs " K+K#

B0" $+$#

→ experimental accuracy
for γ of a few degrees!

[
LHCb Collaboration (B. Adeva et al.)

LHCb-PUB-2009-029, arXiv:0912.4179v2

]



Getting ready for LHCb data:

• Use B-factory data as input, as well as ...

• BR(Bs→ K+K−) [CDF and Belle @ Υ(5S)]

• Updated information of U -spin-breaking form-factor ratios.

[R.F. & R. Knegjens, arXiv:1011.1096 [hep-ph]]



Current Picture for γ

• Input data:

– Information on K ∝ BR(Bs → K+K−)/BR(Bd → π+π−);

– CP violation in B0
d → π+π− and B0

d → π∓K±;

– U -spin-breaking corrections: ξ ≡ d′/d = 1±0.15, ∆θ ≡ θ′−θ = ±20◦:
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(2-fold ambiguity can be resolved [R.F. (’07)])

• Fits of the UT: γ = (67.2+3.9
−3.9)◦ (CKMfitter), (69.6± 3.1)◦ (UTfit).



Current Picture for the Hadronic Parameters

• Parameters of the general lifetime discussion: [ε ≡ λ2/(1− λ2)]

A(B0
s → K+K−) = λ C

[
eiγ +

1

ε
deiθ

]
⇒

hK+K− = d/ε, δK+K− = θ, ϕK
+K−

1 = γ, ϕK
+K−

2 = 0 ⇒

tan ∆φK+K− = 2ε

[
d cos θ + ε cos γ

d2 + 2ε d cos θ cos γ + ε2 cos 2γ

]
sin γ

• K, Adir
CP(Bd → π∓K±) and γ = (68± 7)◦ [⊕ U -spin-breaking]: ⇒

d = 0.50+0.12
−0.11, θ = (154+11

−14)◦ ⇒

– Hadronic phase shift:

∆φK+K− = −
(

10.5+0.3
−0.5

∣∣
γ

+2.9
−2.1

∣∣
d
+0.9
−1.7

∣∣
θ

)◦
= −

(
10.5+3.1

−2.8

)◦

– Direct CP asymmetry: CK+K− = 0.09+0.05
−0.04



Mixing-Induced B0
s → K+K− CP Asymmetry

aCP(t) =
C cos(∆Mst) +Amix

CP sin(∆Mst)

cosh(∆Γst/2) +A∆Γ sinh(∆Γst/2)

• Compact expression:

Amix
CP (Bs → K+K−) =

√
1− C2

K+K− sin(φs + ∆φK+K−)

• K, Adir
CP(Bd → π∓K±), γ ⊕ U -spin-breaking effects: ⇒
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Final Goal: Optimal Determination of γ

• Measurement of the CP asymmetries of B0
s → K+K−:

⇒ theoretically clean contour in the γ–d plane:
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[Green band represents the 1σ errors of the current SM projection.]

• Intersection with the γ–d contour fixed through the CP asymmetries of
B0
s → π+π− allows us to determine γ, d = d′ and θ, θ′ [→ U -spin test].

• Expect a stable situation with respect to U -spin-breaking corrections.


