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Where should we look for NP contributions in B decays?

Flavour changing neutral currents (∆F = 1 or ∆F = 2) which are
suppressed in the SM (only occur at loop-order) are a promising place
to search for NP:

- Bd and Bs mixing
(∆md , ∆ms , SJ/ψK 0

S
and SJ/ψφ).

- Rare b → s`+`− and b → sγ processes
(Bd → K∗0γ, Bd → K∗0µ+µ−, Bs → µ+µ−).

Can also explore the CKM picture at loop and tree-order (more later).
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Sensitivity to NP through rare decays

Operator Oi B → K∗0γ B → K∗0µ+µ− B → µ+µ−

O7 ∼ mb(s̄LσµνbR)Fµν X X

O9 ∼ (s̄b)V−A(¯̀̀ )V X

O10 ∼ (s̄b)V−A(¯̀̀ )A X X

OS,P ∼ (s̄b)S+P(¯̀̀ )S,P X

In the SM:

CS ,P ∝ m`mb/m
2
W ∼ 0.

Helicity flipped operators (C′iO
′
i ) suppressed by ms/mb.
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B0
(d ,s)
→ µ+µ−
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Bs → µ+µ− and Bd → µ+µ−

Sensitive to contributions from scalar +
pseudo-scalar sector.

→ Interesting to probe NP models with
extended Higgs sector,
e.g. MSSM, 2HDM, . . .

e.g. in MSSM, branching fraction scales
approximately as tan6 β/M4

A

More generally:

Motivation: Search for New Physics
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• Decays highly suppressed in Standard Model (Buras 2010)

! effective FCNC, helicity suppression

! SM expectation:

B(B
0
s → µ

+
µ
−

) = (3.2 ± 0.2) × 10
−9

B(B
0 → µ

+
µ
−

) = (1.0 ± 0.1) × 10
−10

! Cabibbo-enhancement (|Vts| > |Vtd|)
of B0

s → µ+µ− over B0 → µ+µ−
only in MFV models

• Sensitivity to new physics
! 2HDM: B ∝ (tanβ)4, mH+; MSSM: B ∝ (tanβ)6

→ sensitivity to extended Higgs boson sectors

→ Constraints on parameter regions

• B0
s → µ+µ− (and B0 → µ+µ−) considered as golden channel(s)
! high sensitivity to new physics

! (very) small theoretical uncertainties

→ comparable in sensitivity to µ → eγ, B → Xνν̄

Urs Langenegger Search for B0
s → µ+µ− and B0 → µ+µ− in CMS (2012/02/28) 2
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B0
(d ,s) → µ+µ−

Set limit on the branching fraction using the CLs technique, dividing
data into bins of BDT response and mass.
BDT response and mass line-shape of the signal calibrated from data
using B → hh′ and J/ψ/ψ(2S)/Υ (1S)→ µ+µ− decays.
Expected limit B(Bs → µ+µ−) < 7.2× 10−9 (bkg + SM at 95% C.L.)

B(Bd → µ+µ−) < 1.0× 10−9 (95% C.L.)
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B(Bs → µ+µ−) < 4.5× 10−9 (95% C.L.)
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c.f. B(Bs → µ+µ−) < 22 × 10−9 [ATLAS-CONF-2012-010]

B(Bs → µ+µ−) < 7.7× 10−9 [CMS-BPH-11-020]

[LHCb-PAPER-2012-007]
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B0
(d ,s) → µ+µ−

LHCb sets a limit for B(Bs → µ+µ−) < 4.5× 10−9 (95% C.L.)

c.f. SM expectation of (3.2± 0.2)× 10−9.

Best fit branching fraction estimated to be:

B(Bs → µ+µ−) = (0.8 +1.8
−1.3)× 10−9

using a simultaneous maximumum likelihood fit to the µ+µ− mass
distribution in the 8 BDT bins.

signal
cross-feed
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B → hh′
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CDF Preliminary (9.6 fb−1), B(Bs → µ+µ−) = (13 +9
−7)× 10−9.

[LHCb-PAPER-2012-007]
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Bs → µ+µ− examples: CMSSM

Strong constraints from B(Bs → µ+µ−) at high-tanβ.

TeV-scale CMSSM at high-tanβ largely excluded.

Direct search results
from CMS (5 fb−1)

Allowed region
Charged LSP

B → τν
Bs → µ+µ−

N. Mahmoudi, Moriond QCD 2012
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Bs → µ+µ− examples: NUHM1

Mastercode [arXiv:1112.3564]

B(Bs → µ+µ−) is one of a number of strong constraints on NP
models. Expect large impact from updated limit from LHCb.

Interpretation examples (II)
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MasterCode

(arXiv:1112.3564)

NUHM1

CMSSM

Summer 2011

CMS B(B0
s → µ+µ−)

95%CL

68%CL

• χ2 difference • ‘best’ fit for CMSSM

Urs Langenegger Search for B0
s → µ+µ− and B0 → µ+µ− in CMS (2012/02/28) 36

LHCb 1 fb−1 (95% C.L.)
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Bs → µ+µ−, Bd → µ+µ− and SJ/ψφ

MSSM-AC
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D. Straub [arXiv:1107.0266v1] (at the end of 2010)

Ratio of Bs → µ+µ− to Bd → µ+µ− is a test of MFV.
B(Bd → µ+µ−)/B(Bs → µ+µ−) 6= SM
implies FCNC independent of CKM structure.
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Bs → µ+µ−, Bd → µ+µ− and SJ/ψφ

D. Straub [arXiv:1107.0266v1] (at the end of 2010)

LHCb 1 fb−1

CMS 4.9 fb−1

ATLAS 2.4 fb−1

LHCb 95% C.L. on Bs → µ+µ− and Bd → µ+µ− (1 fb−1)

Ratio of Bs → µ+µ− to Bd → µ+µ− is a test of MFV.
B(Bd → µ+µ−)/B(Bs → µ+µ−) 6= SM
implies FCNC independent of CKM structure.
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Bd → K∗0γ
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ACP(Bd → K ∗0γ)

SM prediction for CP asymmetry:

ACP = −0.006± 0.004 [arXiv:0406055]

Previous best measurement from BABAR:

ACP = −0.016± 0.022± 0.007 [PRL 103 (2009)]

ACP (Bd → K∗0γ) = ARAW
CP (Bd → K∗0γ)− Aprod.(Bd )− Adet.(Kπ)

= 0.008± 0.017(stat)± 0.009(syst) [Preliminary]

Measurement of ACP B!K*!
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correction uncertainty
Background model : ∆Abkg −0.002 ±0.007
Detection : −AD(Kπ) +0.010 ±0.002
Magnet polarity : ∆AM +0.001 ±0.002
B0 production : −κAP(B0) −0.004 ±0.005
Total +0.005 ±0.009

most precise measurement!

SM prediction:                                    Experimental status:

           ACP = -0.0061±0.0043 

CLEOII BABAR Belle
ACP +0.08± 0.13± 0.03 −0.016± 0.022± 0.007 0.015± 0.044± 0.012

Correction by detector and production asymmetries:

PRL 84 (2000)             PRL 103 (2009)         RD 68 (2004)                  [arXiv:0406055]  

ACP (B
0→ K∗0γ) = 0.008± 0.017(stat)± 0.009(syst)

ACP (B
0→ K∗0γ) = ARAW(B0→ K∗0γ)−AD(Kπ)− κAP(B

0)

LHCb-CONF-2012-004

Also collecting large samples of Bs decays. Observe 240 Bs → φγ
candidates in 0.37 fb−1 [LHCb-PAPER-2011-042].

γ

b sW

t

[LHCb-CONF-2012-004]
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Angular analysis
of Bd → K∗0µ+µ−
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Bd → K ∗0µ+µ−

Gives access to C(′)
7 , C(′)

9 and C(′)
10 .

Sensitivity through branching fraction
measurements and angular observables.
Angular analysis can be sensitive to the
chiral structure of the NP (e.g. S3/A2

T ).

Decay described by three angles and
dimuon invariant mass squared
(θ`, θK , φ, q

2).

Analysis based on 1 fb−1.
Observe 900 candidates
(c.f. BABAR + Belle + CDF ∼ 600).
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4/c2 < 2.0 GeV2 < q2
µ4m

[LHCb-CONF-2012-008]
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Bd → K ∗0µ+µ− angular distribution after folding

Take advantage of a symmetry of the system, by folding the
distribution in φ, to reduce the number of free parameters.

φ̂ = φ+ π if φ < 0 and φ̂ = φ if φ > 0, leading to:

1

Γ

d4Γ

d cos θ` d cos θK dφ̂dq2
=

9

16π

[
FL cos2 θK +

3

4
(1− FL)(1− cos2 θK ) +

FL cos2 θK (2 cos2 θ` − 1) +

1

4
(1− FL)(1− cos2 θK )(2 cos2 θ` − 1) +

S3(1− cos2 θK )(1− cos2 θ`) cos 2φ̂ +

4

3
AFB(1− cos2 θK ) cos θ` +

AIm(1− cos2 θK )(1− cos2 θ`) sin 2φ̂
]
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New physics sensitivity to C(′)
7

C7 and C′7 are constrained by b → sγ processes. Even in the SM-like
allowed region can still have large sensitivity to C′7 through A2

T .

Where S3 is related to theoretically clean observable A2
T through

S3 = 1
2 (1− FL)A2

T .

Scenario B : class-I constraints in (δC7, δC7′)

In Scenario B, NP in
C7, C7′ : same constraints as before from class-I observables

!0.2 0.0 0.2 0.4 0.6 0.8 1.0

!0.6

!0.4

!0.2

0.0

0.2

0.4

0.6

∆C7

∆C
7
’

SDG (LPT-Orsay) NP in radiative B-decays 15/09/11 11

AI (K
∗0γ), SK∗0γ , B(b → sγ)

Scenario A : prediction for A2
T

Even staying in the SM-like region, A2
T sensitive to C7′ != 0

1 2 3 4 5 6

!1.0

!0.5

0.0

0.5

1.0

q2 !GeV2 "
A
T#2$

Green/grey: SM including uncertainties from form factors and
estimate of 1/mb-suppressed corrections)
Orange: SM-like region, with large range of variation at low-q2

Pink: non-SM-like region, large asymmetry at moderate q2

Can be understood from LO expression in the large-recoil limit

SDG (LPT-Orsay) NP in radiative B-decays 15/09/11 8

Non-SM like region
SM-like region

◦

◦

S. Descotes-Genon et. al. [arXiv:1104.334]
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Sensitivity to NP through AFB and S3

Can be highly sensitive to NP contributions to C(′)
7 , C(′)

9 and C(′)
10 .

e.g. W. Almannshofer et. al. [arXiv:0801.1214v5] , where S6 = −4
3AFB .

Generic MSSM
Flavour blind MSSM
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Figure 16: The observables S3 and A9 in the SM (blue band) and the two GMSSM scenarios
GMSSMI,II with large complex contributions to C ′

7 as described in the text.
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Figure 17: Several observables in the SM (blue band) and two selected GMSSM scenarios that show
large non-standard behaviour. See text for details.
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Figure 10: The observables S4, S5 and Ss
6 in the SM (blue band) and the three FBMSSM scenarios

FBMSSMI,II,III.

asymmetry 〈A7〉. One observes that large effects in 〈A7〉 are correlated with large shifts in
the zeros towards lower values.

In order to identify signs in the CP asymmetries which are favoured in this model one
must include additional observables in the analysis. To this end we also investigate the direct
CP asymmetry in the b → sγ decay ACP(b → sγ), the electric dipole moments of the electron
and the neutron de and dn and the mixing induced CP asymmetry SφKS

. We recall that
in [62] striking correlations between these observables have been found. In particular, the
desire to explain the anomaly observed in SφKS

through the presence of flavour conserving
but CP-violating phases implied a positive ACP(b → sγ), by an order of magnitude larger
than its SM tiny value and de, dn at least as large as 10−28 e cm.

The left plot of Fig. 12 shows the correlation between 〈A7〉 and SφKS
. We find that a value

of SφKS
$ 0.44, as indicated by the present data [85], implies a negative value for 〈A7〉 in the

range [−0.2, −0.05] and then also a positive value for 〈A8〉 in the range [0.03, 0.11]. In addition
to the two scenarios discussed above, we have chosen also a third scenario, FBMSSMIII,
indicated as orange triangle in the plots of Figs. 9, 11 and 12, that gives SφKS

close to the
experimental value. This scenario is shown in Figs. 9 and 10 as the orange bands and we find
that while one still can get almost maximal effects in 〈A7〉 and 〈A8〉 the effects in S4, S5 and
Ss

6 are much less pronounced.
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(′)NP
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Correlation of the zero in Ss

6 with the NP contribution to Re(C7). The blue, red and green bands
indicate SM, SM+25% and SM−25% values for C9 with the associated theoretical uncertainty. The
vertical dashed lines correspond to the upper and lower bounds on Re(C7) in the absence of an
imaginary part of C7. (The corresponding points in the left-hand plot are highlighted by red dots.)
For an arbitrary imaginary part, the upper bound on Re(C7) is removed, and q2

0(S
s
6) can be at or

below 1GeV2.

positive contributions to Re(C7), which are allowed in the presence of phases in CNP
7 , then

unambiguously shift the zeros of S4, S5 and Ss
6 towards lower values. In the right-hand plot

in Fig. 5, we show as an example that the allowed range for q2
0(S

s
6) is greatly enhanced in the

case of complex C7.
This analysis can also be applied to Ss

6, which depends strongly on C7 and C9. We examine
the dependence of q2

0(S
s
6) on NP contributions to C9 and C7. This again is restricted by the

experimental value of the branching ratio of B → Xsγ. We find a strong dependence on C9,
and for real values of C7 this would be a clean way to determine infomation about a possible
NP contribution to C9 as seen in Fig 4. Again, if NP induces a complex phase of C7, the
range in q2

0(S
s
6) increases dramatically.

It is a greater challenge to extract information about the Wilson coefficients from S5 due
to its dependence on C7, C ′

7, C9 and C ′
10. However, a measurement of q2

0(S5) could provide
a consistency check with C10 − C ′

10 and C9 determined from S4 and S6, provided C7, C ′
7 are

real. In addition, this might allow one to untangle the effects of CNP
10 and C ′NP

10 in Fig. 4.

6.2.3 Impact of Scalar Currents

As mentioned in the introduction, the impact of the scalar and pseudoscalar operators O(′)
S,P

on the angular distribution of B → K∗(→ Kπ)µ+µ− has been considered before [43], and no
relevant effects on the observables of interest were found. However, as shown in Sec. 3.2, the
inclusion of lepton-mass effects10, which were neglected in previous studies, gives rise to an

10We stress that we restricted ourselves to muons in our numerical analysis.

32

SM ±25% refers to
a 25% change in C9.
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Bd → K ∗0µ+µ− forward-backward asymmetry
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Bd → K ∗0µ+µ− forward-backward asymmetry
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Bd → K ∗0µ+µ− transverse asymmetry
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Bd → K ∗0µ+µ− transverse asymmetry
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Bd → K ∗0µ+µ− T-odd CP asymmetry
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Bd → K ∗0µ+µ− T-odd CP asymmetry
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Zero-crossing point of the forward-backward asymmetry

In the SM, AFB varies with q2 and
changes sign at a well defined point
where leading uncertainties from the
B → K ∗0 form-factors cancel.

Estimate zero-crossing point by
fitting forward- and backward-going
events separately.

Gives: q2
0 = 4.9 +1.3

−1.1 GeV2/c4

c.f. SM predictions in the range
3.9 - 4.3GeV2/c4.
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Constraints on NP contributions to operators

D. Straub et al. [arXiv:1111.1257] using previous LHCb result with 0.37 fb−1.

Constraints on C7, C9, C10
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φs from Bs → J/ψφ
and Bs → J/ψπ+π−
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Measuring φs

Interference between mixing and decay gives
rise to a��CP phase: φs = φm − 2φd .

φSM
s = −2arg

(
VtsV ∗tb
VcsV ∗cb

)
= 0.036± 0.002 rad

B0
s

B̄0
s

J/ψφ

φm

φd

−φd

Charles et al. [Phys. Rev. D84 (2011) 033005]
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Measuring φs with Bs → J/ψφ and Bs → J/ψ f0

Bs → J/ψφ:

Mixture of CP-odd and CP-even
final state.

Need to perform a time dependent
angular analysis to separate CP
states and measure φs .

Bs → J/ψπ+π−:

Region of π+ π− mass around the f0 gives a CP-odd final state. Can
measure φs from fits to the Bs and Bs lifetime.
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Measuring φs with Bs → J/ψφ

Decay time t [ps]
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φs result

Bs → J/ψφ:

φs = 0.00± 0.10± 0.03 rad
∆Γs = 0.12± 0.02± 0.01 ps−1

(Preliminary)
[LHCb-CONF-2012-002]

Bs → J/ψπ+π−:

φs = −0.02± 0.17± 0.02 rad
[LHCb-PAPER-2012-006]

Combination φs = 0.00± 0.08± 0.03 rad (LHCb Preliminary)

Two-fold ambiguity ∆Γs → −∆Γs and φs → φs + π resolved using
Bs → J/ψK+K− and S-wave interference. [LHCb-PAPER-2011-028]

[LHCb-CONF-2012-002 + LHCb-PAPER-2012-006]

T. Blake CPV and rare B decays at LHCb 31 / 40



Bs → µ+µ−, Bd → µ+µ− and SJ/ψφ

D. Straub [arXiv:1107.0266v1] (at the end of 2010)

LHCb 95% C.L. (1 fb−1) LHCb φs 68% C.L (1 fb−1)
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Towards a measurement of γ

T. Blake CPV and rare B decays at LHCb 33 / 40



CKM picture

CKM picture seems to describe
nature remarkably well.

But Have just been discussing the
possible effects from NP to
loop-order processes. The
picture from tree-level is much
less complete . . .
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How can we access γ

Access CKM phase γ through interference
of b → u and b → c transitions in decays
with a common final state.

One way is through B± → DK± decays,
where the D0 and D0 decay to common
final states:

- D0,D0 → π+π− or K+K− (GLW)
see e.g. [PLB 265 (1991)]

- D0,D0 → K+π− (ADS)
[PRL 78 (1997)]

(         )

b
u u

u

c

sB!
Vcs

b
u u

c

u

s

B!

Vus

Vcb

• Need a b!c and b!u transition of similar probability and a common final state

relative amplitude:

Vus Vcb

VubVcs
*

* fcol Vus Vcb

VubVcs
*

*
arg

D0

D0

Vub

16

K!

K! D0/D0
" K+K-

" #+#-

suppressed

favoured

rB $ 0.1

How could we measure ! ?

= !

*

*

= rB

relative strong phase:

= %B

(     )Vcb

Vub= arg -
*

*

weak phase difference:

ADS mode is experimentally challenging:

- It’s a fully hadronic B decay with an effective branching fraction of
2× 10−7!
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CP mode with D → π+π−
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Suppressed ADS modes
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Towards a measurement of γ

What do AADS and ACP+ tell us about γ?

ACP+ =
2rB sin δB sin γ

1 + r2
B ± 2rB cos δBcos γ

= 0.145± 0.032± 0.010,

AADS =
2rB rD sin(δB + δD)sin γ

r2
B + r2

D + 2rB rD cos(δB + δD)cos γ
= −0.52± 0.15± 0.02,

RCP+ =1 + r2
B + 2rB cos δBcos γ = 1.007± 0.038± 0.012,

RADS =
r2
B + r2

D + 2rB rD cos(δB + δD)cos γ

1 + r2
B r

2
D cos(δB − δD)cos γ

= 0.0152± 0.0020± 0.0004

Combine with GGSZ modes (B− → DK−, D → K 0
S π

+π−) to
estimate γ.

(LHCb Preliminary)

[LHCb-PAPER-2012-001]
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The LHCb physics programme is very broad. I’ve only had time to
cover some of the recent results from our benchmark channels.

For more details on B CPV and rare decay measurements at LHCb,
please go to see the talks on:

- “Rare decays at LHCb” by G. Ciezarek
- “CP violation at LHCb” by C. Linn.

in Friday’s parallel session.

Next up “Charm physics at LHCb” .
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Summary

Excellent performance from
LHC and LHCb in 2011.

Flavour physics can provide strong
constraints on NP physics at the
TeV-scale.

Large number of new heavy flavour
results presented this year. More to
come at the Spring & Summer
conferences.
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Backup

T. Blake CPV and rare B decays at LHCb 42 / 40



The flavour problem?

[from an experimentalists perspective]

New physics on the TeV scale
→ contributions from new virtual particles to loop-order processes

→ we should expect to see deviations from SM predictions in flavour
obsevables.

But we don’t see large deviations:

1. Masses of particles are large O(10− 100TeV) . . .
2. Couplings are small . . .
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Sensitivity to Ci

C(′)
7 B(B → Xsγ), B(B → Xsµ

+µ−),
FL, AFB , S3

C(′)
9 , C(′)

10 B(B → Xsµ
+µ−),

FL, AFB , S3

C(′)
S B(Bs → µ+µ−) and some sensitivity from AFB

C(′)
P B(Bs → µ+µ−) and some sensitivity from FL
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Signal selection

Backgrounds:

Predominantly combinatorial
bb → µ+µ− + X .

Peaking contributions from
B → hh′ with h→ µ,
εhh′→µ+µ− ∼ 1.5× 10−5

Elastic γγ → µ+µ− (reduced by
pT (B) > 500MeV/c).

MVA classifier:

Use a multivariate discriminant
(BDT) to separate S+B.

Trained on MC, but signal and
background shapes are taken from
data.
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Normalisation

Branching fraction normalised to:

B+ → J/ψK+, Bs → J/ψφ and
B → hh′

B(B0
q → µ+µ−) = Bnorm. ×

εnorm.

εB0
q→µ+µ−

× fnorm.

fq
×

NB0
q→µ+µ−

Nnorm.

Accounting for production ratios of Bs

to Bd (B+):

fs/fd = 0.267 +0.021
−0.020

PRL 107 (2011) [arXiv:1106.4435]

Gives single event sensitivities:
αBs→µ+µ− = (3.2± 0.3)× 10−10

αBd→µ+µ− = (8.4± 0.4)× 10−11
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What does B(Bs → µ+µ−) mean?

Looking further ahead, what could a measurement of B(Bs → µ+µ−)
mean?

Scenario Points to ?
B(Bs → µ+µ−)� SM Large enhancement from NP in scalar sector,

e.g. SUSY at high-tanβ
B(Bs → µ+µ−) 6= SM SUSY (to CS/ CP), UED, LHT,

TC2 ( C10) . . .
B(Bs → µ+µ−) ∼ SM Almost any NP model, but can rule out

large regions of parameter space
B(Bs → µ+µ−)� SM NP in scalar sector. NSSM a good candidate.

Ratio of Bd to Bs decay is also interesting as a probe of MFV:

Scenario Points to ?
B(Bs → µ+µ−)/B(Bd → µ+µ−) 6= SM CMFV ruled out. Need new source of

FCNC independent of CKM matrix.
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Angular basis for Bd → K ∗0µ+µ−

q2 Invariant mass squared of the
dimuon system q2 = m2

µ+µ− .

θ` Angle between the direction of
the µ− in the µ+µ− rest frame
and the direction of the µ+µ−

in the Bd rest frame.

θK Angle between the kaon in the
K ∗0 rest frame and the K ∗0 in
the Bd rest frame.

φ Angle between planes defined by
µ− µ+ and the Kπ in the Bd

frame.

Bd → K ∗0`+`− angular definition

T. Blake CPV and rare B decays at LHCb 48 / 40



Anatomy of the Bd → K ∗0µ+µ− decay

Folding the φ angle such that φ→ φ+ π if φ < 0:

d4Γ

d cos θ` d cos θK dφ dq2
∝
[
Js1 + Jc1 + (Js2 + Jc2 ) cos 2θ` + J3 sin2 θ` cos 2φ +

((((
((

J4 sin 2θ` cosφ+((((
(

J5 sin θ` cosφ +

J6 cos θ` +((((
(

J7 sin θ` sinφ+((((
((

J8 sin 2θ` sinφ +

J9 sin2 θ` sin 2φ
]

cancels terms in the angular expression with a sinφ or cosφ
dependence.

→ Leaving Js,c1 , Js,c2 , J3, J6 and J9.
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Bd → K ∗0µ+µ− fraction of longitudinal polarisation of the K ∗0
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Bd → K ∗0µ+µ− fraction of longitudinal polarisation of the K ∗0
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Bd → K ∗0µ+µ− differential branching fraction
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Bd → K ∗0µ+µ− differential branching fraction
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Bd → K ∗0µ+µ− legend

� Rate average of theory prediction over the q2-bin.
Ref. [arXiv:1105.0376] and references therein.
Calculations use a factorisation approach at low-q2 and
operator product expansion at high-q2.

• LHCb data, LHCb-CONF-2012-008
• CDF data, PRL 108 (2012) [arXiv:1108.0695]
• Belle data, PRL 103 (2009) [arXiv:0904.0770]
• BaBar prelim., Lake Louise 2012.
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φs from Bs → J/ψπ+π−

Region around the f0 gives a
CP-odd final state. No need to
perform an angular analysis.

Can extract φs from a tagged
analysis, fitting the Bs/Bs decay
rate as a function of the BsBs

lifetime. Decay time (ps)
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Figure 7: Lifetime distribution for B0
s → J/ψf0 events. The fit is to a single exponential

for lifetime multiplied by the acceptance function convolved with the resolution function.
The dashed line is signal and the shaded area background.

7 Likelihood function definition344

To determine φs a likelihood function is formed and then maximized with respect to the
parameters used to describe the mass and decay time distributions. The function is

L =

Nobs∏

i

P (mi, ti, σti, qi), (6)

where Nobs is the number of events, mi the reconstructed candidate B0
s mass, ti the345

reconstructed decay time, and σti the estimated decay time resolution. The flavour tag,346

qi, takes values of +1, −1 and 0, respectively, if the signal meson is tagged as B0
s , B0

s,347

or untagged. Backgrounds are caused largely by mis-reconstructed b-hadron decays, so it348

is necessary to include a long-lived (LL) background probability density function (PDF).349

The signal yield, Nsig, and background yield, Nbkg, are fixed from the fit of the J/ψπ+π−
350

mass distribution requiring 775 < m(π+π−) < 1550 MeV. The likelihood function includes351

distinctive contributions from the signal and the background. The likelihood function is352

a product of PDFs which model the invariant mass distribution and the time-dependent353

decay rates. For tagged events we have354

P (mi, ti, σti, qi) = NsigεtagP
sig
m (mi)P

sig
σt

(σti)P
sig
t (ti, σti, qi)

+Nbkgε
bkg
tag P bkg

m (mi)P
LL
t (ti)P

bkg
σt

(σti), (7)

where εbkg
tag refers to the flavour tagging efficiency of the background. The signal mass PDF,

P sig
m (m), is a a double Gaussian function, while the background mass PDF, P bkg

m (m), is
proportional to e−αm plus a very small contribution from B0

s → J/ψη′, Nη′ , that is fixed

9

Γ ∝ e−Γs

[
eΓs t/2(1 + cosφs) + e−Γs t/2(1− cosφs)± sinφs sin(∆mst)

]

In practice measure:

ε(t)(1− 2ω)sinφssin(∆mst)⊗ R(t)

LHCb-PAPER-2012-006. 7400 signal candidates.
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Lifetime measurements

Can also constrain ∆Γs and φs
using effective lifetime
measurements of:

- Bs → J/ψ f0 (CP-odd)
- Bs → K+K− (CP-even)

with an untagged analysis.

τK+K− = 1.44± 0.10± 0.01ps
LHCb, PLB 707 (2012)

τJ/ψ f0 = 1.70 +0.12
−0.11 ± 0.03ps

CDF, PRD 84 (2011)

R. Fleischer et. al. [arXiv:1109.5115]
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† Errors are for illustration

τJ/ψf0
= 1.70 ps ± 1%†

τK+K− = 1.44 ps ± 1%†

∆ΓSM
s /Γs = 0.133 ± 0.032

Figure 2: The measurements of the effective B0
s → K+K− and B0

s → J/ψf0 lifetimes
projected onto the φs–∆Γs plane. Left panel: analysis of the current data, where the
shaded bands give the 1σ uncertainties of the lifetimes; the 39% confidence regions
originating from a χ2 fit are also shown. Right panel: illustration of how the situation
improves for unchanged central values if the uncertainties were improved to 1% accuracy,
including also the constraint from the theoretical value of ∆ΓSM

s /Γs.
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Figure 3: Illustration of the errors of the hadronic phase shifts ∆φK+K− and ∆φJ/ψf0 on
the contours in the φs–∆Γs plane for the central values of the lifetime measurements.
We also shown the impact of the present error of the Bs lifetime.

8

LHCb update with 1 fb−1, using a lifetime unbiassed trigger and
offline selection:

1.468± 0.046(stat) ps LHCb-CONF-2012-001
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