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Setting the Stage



Status @ LHC High-Energy Frontier

• Examples of NP searches @ ATLAS: → no signals (CMS similar)

– SUSY:

– Exotics:



... but “Higgs-like” particle @ ATLAS and CMS

• Combined ATLAS and CMS measurement of the Higgs mass:

Slightly more complex fit models are used, as described
below, to perform additional compatibility tests between
the different decay channels and between the results from
ATLAS and CMS.
Combining the ATLAS and CMS data for the H → γγ

and H → ZZ → 4l channels according to the above
procedure, the mass of the Higgs boson is determined to be

mH ¼ 125.09" 0.24 GeV

¼ 125.09" 0.21 ðstatÞ " 0.11 ðsystÞ GeV; ð3Þ

where the total uncertainty is obtained from the width of
a negative log-likelihood ratio scan with all parameters
profiled. The statistical uncertainty is determined by fixing
all nuisance parameters to their best-fit values, except for
the three signal-strength scale factors and the H → γγ
background function parameters, which are profiled. The
systematic uncertainty is determined by subtracting in
quadrature the statistical uncertainty from the total uncer-
tainty. Equation (3) shows that the uncertainties in the mH
measurement are dominated by the statistical term, even
when the Run 1 data sets of ATLAS and CMS are
combined. Figure 1 shows the negative log-likelihood ratio
scans as a function of mH, with all nuisance parameters
profiled (solid curves), and with the nuisance parameters
fixed to their best-fit values (dashed curves).
The signal strengths at the measured value of mH are

found to be μγγggFþtt̄H ¼ 1.15þ0.28
−0.25 , μγγVBFþVH ¼ 1.17þ0.58

−0.53 ,
and μ4l ¼ 1.40þ0.30

−0.25 . The combined overall signal strength

μ (with μγγggFþtt̄H ¼ μγγVBFþVH ¼ μ4l ≡ μ) is μ ¼ 1.24þ0.18
−0.16 .

The results reported here for the signal strengths are not
expected to have the same sensitivity, nor exactly the same
values, as those that would be extracted from a combined
analysis optimized for the coupling measurements.
The combined ATLAS and CMS results for mH in the

separate H → γγ and H → ZZ → 4l channels are

mγγ
H ¼ 125.07" 0.29 GeV

¼ 125.07" 0.25 ðstatÞ " 0.14 ðsystÞ GeV ð4Þ

and

m4l
H ¼ 125.15" 0.40 GeV

¼ 125.15" 0.37 ðstatÞ " 0.15 ðsystÞ GeV: ð5Þ

The corresponding likelihood ratio scans are shown in
Fig. 1. For the H → ZZ → 4l channel, the systematic
uncertainty is dominated by the absolute scale uncertainty
in the momentum measurement for the muons and in the
momentum and energy measurements for the electrons.
Large samples (> 107 events) of dilepton decays of the
J=ψ , ϒðnSÞ, and Z resonances are used by both experi-
ments to evaluate the absolute scales and to correct for
residual misalignments in the inner tracker systems [14,16].
The systematic uncertainty in the ATLAS mH result from
H → ZZ → 4l decays was conservatively set to 60 MeV in
Ref. [14] to account for the limited numerical precision in
its estimate. A more precise procedure, resulting in a
reduced systematic uncertainty of 40 MeV, is used here.
For CMS, conservative systematic uncertainties of 0.1% for
the H → ZZ → 4μ and 2μ2e channels, and 0.3% for the
H → ZZ → 4e channel, were obtained in Ref. [16] and are
used here.
A summary of the results from the individual analyses

and their combination is presented in Fig. 2.
The observed uncertainties in the combined measure-

ment can be compared with expectations. The latter are
evaluated by generating two Asimov data sets [26], where
an Asimov data set is a representative event sample that
provides both the median expectation for an experimental
result and its expected statistical variation, in the asymp-
totic approximation, without the need for an extensive
MC-based calculation. The first Asimov data set is a
“prefit” sample, generated using mH ¼ 125.0 GeV and
the SM predictions for the couplings, with all nuisance
parameters fixed to their nominal values. The second
Asimov data set is a “postfit” sample, in which mH, the
three signal strengths μγγggFþtt̄H, μ

γγ
VBFþVH, and μ4l, and all

nuisance parameters are fixed to their best-fit estimates
from the data. The expected uncertainties for the combined
mass are

δmHprefit ¼ "0.24 GeV

¼ "0.22 ðstatÞ " 0.10 ðsystÞ GeV ð6Þ
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FIG. 1 (color online). Scans of twice the negative log-
likelihood ratio −2 lnΛðmHÞ as functions of the Higgs boson
mass mH for the ATLAS and CMS combination of the H → γγ
(red), H → ZZ → 4l (blue), and combined (black) channels.
The dashed curves show the results accounting for statistical
uncertainties only, with all nuisance parameters associated with
systematic uncertainties fixed to their best-fit values. The 1 and 2
standard deviation limits are indicated by the intersections of the
horizontal lines at 1 and 4, respectively, with the log-likelihood
scan curves.
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for the prefit case and

δmHpostfit ¼ "0.22 GeV

¼ "0.19 ðstatÞ " 0.10 ðsystÞ GeV ð7Þ

for the postfit case, which are both very similar to the
observed uncertainties reported in Eq. (3).
Constraining all signal yields to their SM predictions

results in an mH value that is about 70 MeV larger than the
nominal result with a comparable uncertainty. The increase
in the central value reflects the combined effect of the
higher-than-expected H → ZZ → 4l measured signal
strength and the increase of theH → ZZ branching fraction
with mH. Thus, the fit assuming SM couplings forces the
mass to a higher value in order to accommodate the value
μ ¼ 1 expected in the SM.
Since the discovery, both experiments have improved

their understanding of the electron, photon, and muon
measurements [16,30–34], leading to a significant reduc-
tion of the systematic uncertainties in the mass measure-
ment. Nevertheless, the treatment and understanding of
systematic uncertainties is an important aspect of the
individual measurements and their combination. The com-
bined analysis incorporates approximately 300 nuisance
parameters. Among these, approximately 100 are fitted
parameters describing the shapes and normalizations of the
background models in the H → γγ channel, including a
number of discrete parameters that allow the functional
form in each of the CMS H → γγ analysis categories to
be changed [35]. Of the remaining almost 200 nuisance
parameters, most correspond to experimental or theoretical
systematic uncertainties.
Based on the results from the individual experiments, the

dominant systematic uncertainties for the combined mH
result are expected to be those associated with the energy or

momentum scale and its resolution: for the photons in the
H → γγ channel and for the electrons and muons in the
H → ZZ → 4l channel [14–16]. These uncertainties are
assumed to be uncorrelated between the two experiments
since they are related to the specific characteristics of the
detectors as well as to the calibration procedures, which
are fully independent except for negligible effects due to
the use of the common Z boson mass [36] to specify
the absolute energy and momentum scales. Other exper-
imental systematic uncertainties [14–16] are similarly
assumed to be uncorrelated between the two experiments.
Uncertainties in the theoretical predictions and in the
measured integrated luminosities are treated as fully and
partially correlated, respectively.
To evaluate the relative importance of the different

sources of systematic uncertainty, the nuisance parameters
are grouped according to their correspondence to three
broad classes of systematic uncertainty: (1) uncertainties in
the energy or momentum scale and resolution for photons,
electrons, and muons (“scale”), (2) theoretical uncertain-
ties, e.g., uncertainties in the Higgs boson cross section and
branching fractions, and in the normalization of SM
background processes (“theory”), (3) other experimental
uncertainties (“other”).
First, the total uncertainty is obtained from the full profile-

likelihood scan, as explained above. Next, parameters
associated with the scale terms are fixed and a new scan
is performed. Then, in addition to the scale terms, the
parameters associated with the theory terms are fixed and
a scan performed. Finally, in addition, the other parameters
are fixed and a scan performed. Thus the fits are performed
iteratively, with the different classes of nuisance parameters
cumulatively held fixed to their best-fit values. The uncer-
tainties associated with the different classes of nuisance
parameters are defined by the difference in quadrature
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FIG. 2 (color online). Summary of Higgs boson mass measurements from the individual analyses of ATLAS and CMS and from the
combined analysis presented here. The systematic (narrower, magenta-shaded bands), statistical (wider, yellow-shaded bands), and total
(black error bars) uncertainties are indicated. The (red) vertical line and corresponding (gray) shaded column indicate the central value
and the total uncertainty of the combined measurement, respectively.
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predictions. Assuming that the negative log-likelihood ratio
−2 lnΛðμ; mHÞ is distributed as a χ2 variable with two
degrees of freedom, the 68% confidence level (C.L.)
confidence regions are shown in Fig. 4 for each individual
measurement, as well as for the combined result.
In summary, a combined measurement of the Higgs

boson mass is performed in theH→ γγ andH → ZZ → 4l
channels using the LHC Run 1 data sets of the ATLAS

and CMS experiments, with minimal reliance on the
assumption that the Higgs boson behaves as predicted
by the SM.
The result is

mH ¼ 125.09$ 0.24 GeV

¼ 125.09$ 0.21 ðstatÞ $ 0.11 ðsystÞ GeV; ð9Þ

where the total uncertainty is dominated by the statistical
term, with the systematic uncertainty dominated by effects
related to the photon, electron, and muon energy or
momentum scales and resolutions. Compatibility tests are
performed to ascertain whether the measurements are
consistent with each other, both between the different decay
channels and between the two experiments. All tests on
the combined results indicate consistency of the different
measurements within 1σ, while the four Higgs boson mass
measurements in the two channels of the two experiments
agree within 2σ. The combined measurement of the Higgs
boson mass improves upon the results from the individual
experiments and is the most precise measurement to date of
this fundamental parameter of the newly discovered particle.

We thank CERN for the very successful operation of the
LHC, as well as the support staff from our institutions
without whom ATLAS and CMS could not be operated
efficiently. We acknowledge the support of ANPCyT
(Argentina); YerPhI (Armenia); ARC (Australia);
BMWFW and FWF (Austria); ANAS (Azerbaijan);
SSTC (Belarus); FNRS and FWO (Belgium); CNPq,
CAPES, FAPERJ, and FAPESP (Brazil); MES
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FIG. 3 (color online). The impacts δmH (see text) of the nuisance parameter groups in Table I on the ATLAS (left), CMS (center), and
combined (right) mass measurement uncertainty. The observed (expected) results are shown by the solid (empty) bars.
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FIG. 4 (color online). Summary of likelihood scans in the 2D
plane of signal strength μ versus Higgs boson mass mH for the
ATLAS and CMS experiments. The 68% C.L. confidence regions
of the individual measurements are shown by the dashed curves
and of the overall combination by the solid curve. The markers
indicate the respective best-fit values. The SM signal strength is
indicated by the horizontal line at μ ¼ 1.
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mH = [(125.09± 0.21(stat)± 0.11(syst)] GeV

[ATLAS & CMS Collaborations, PRL 114 (2015) 191803]

• Key question: is the new particle really the SM Higgs particle?



Status @ LHC High-Precision Frontier

• Flavour Physics:

– Observables are globally very consistent with the SM picture.

– A few “tensions” with respect to the SM have recently emerged:

→ not yet conclusive, hot topics for this conference!

• 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: → LHC run II, Belle II, LHCb upgrade

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



Theoretical Framework



Hierarchy of Scales

ΛNP ∼ 10(0...?) TeV � ΛEW ∼ 10−1 TeV︸ ︷︷ ︸
(very) short distances

�� ΛQCD ∼ 10−4 TeV︸ ︷︷ ︸
long distances

• Powerful theoretical concepts/techniques:

→ “Effective Field Theories”

– Heavy degrees of freedom (NP particles, top, Z, W ) are “integrated
out” from appearing explicitly: → short-distance loop functions.

– Calculation of perturbative QCD corrections.

– Renormalization group allows the summation of large log(µSD/µLD).

• Applied to the SM and various NP scenarios, such as the following:

– MSSM, UED, WED, LH, LHT, Z ′ models, ...

[→ talks by Wolfgang Altmannshofer and Jorge Martin Camalich]



Low-Energy Effective Hamiltonians

• Separation of short-distance from long-distance contributions (OPE):

〈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.; Martinelli et al. (’90s); ...]

→ Wilson coefficients Ck(µ) → perturbative quantities → known!
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• Long-distance physics:

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



Theoretical Challenges ...

• Theoretical precision is generally limited by strong interactions:

→ hadronic matrix elements

– Non-perturbative methods of QCD needed: QCD rum rules, lattice ...

• Impressive recent progress in Lattice QCD: [→ talk by Norman Christ]

⇒ BK parameter (kaon physics), decay constants, form factors, ...:

→ rare B0
s,d → µ+µ− decays, semileptonic B decays.

– Flavour Lattice Averaging Group (FLAG): [→ talk by Anastassios Vladikas]

http://itpwiki.unibe.ch/flag/

• However, still a big challenge for Lattice QCD:

→ non-leptonic B decays



Theoretical Framework for Non-Leptonic B Decays

|Aj|eiδj ∝
∑
k

Ck(µ)︸ ︷︷ ︸
pert. QCD

× 〈f |Qjk(µ)|B〉

• QCD factorization (QCDF):

Beneke, Buchalla, Neubert & Sachrajda (99–01); Beneke & Jäger (05); ... Bell, Bobeth, ...

• 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 sum rules:

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

⇒ Lots of (technical) progress, still a theoretical challenge

[→ talk by Rahul Sinha]



Studies of CP Violation



Unitarity Triangle

• Status of global fits: → dictionary β ≡ φ1, α ≡ φ2, γ ≡ φ3

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

– UTfit Collaboration [http://www.utfit.org/UTfit/WebHome]:

⇒ continuously updated results:
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⇒ γ has currently still sizeable errors ...



Prospects for Extracting γ

• Pure tree decays: B → D(∗)K(∗) and Bs → D∓s K
±

B
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– The corresponding determinations of γ are theoretically clean, i.e. the
hadronic matrix elements cancel out (simply speaking).

– Decays are very robust with respect to New-Physics contributions:

⇒ reference for the “true” Standard Model value of γ.

– Excellent precision for the era of Belle II and the LHCb upgrade:

⇒ uncertainty of ∆γexp ∼ 1◦ (!)



• Decays with loops, i.e. penguin contributions: B(s) → ππ, πK,KK

B
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– Decay amplitude relations following from SU(3) flavour symmetry.
[Hernandez, London, Gronau & Rosner (1994–...); R.F. (1995–...); R.F. and Mannel

(1997); Neubert and Rosner (1998); Buras & R.F. (1998); ... ]

– Complemented through QCD factorization/SCET/PQCD, calculations
of SU(3)-breaking corrections, etc., [Beneke and Neubert (2003); ...]

• Goal: extraction of (γ)loops and comparison with (γ)tree

⇒ will discrepancies show up?

→ particularly (most) promising method ...



The B0
s → K+K−, B0

d → π+π− System

• B0
s → K+K−: A(B0

s → K+K−) ∝ C′
[
eiγ +
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• B0
d → π+π−: A(B0
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]

B
0

d

b u

u

d

d d

π
+

π
−

W

B
0

d

W

b

d

d

d

u

u

u, c, t

G

π
+

π
−

⇒ s↔ d



• 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, 2007)]

• 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

]



Extraction of 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)])

• “Tree-level” results: γ = (73.2+6.3
−7.0)◦ [CKMfitter], (68.3± 7.5)◦ [UTfit].

[R.F. (2007); R.F. & R. Knegjens (2010); numerics: R. Knegjens, PhD thesis (2014)]



Prospects: “Optimal” Determination of γ

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

0 10 20 30 40 50 60 70 80 90 100 110 120
γ [deg]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8
d

(′
)

K
Amix

CP
(Bd)

Adir

CP
(Bd)

Amix

CP
(Bd)

Adir

CP
(Bs)

Amix

CP
(Bs)

0 10 20 30 40 50 60 70 80 90 100 110 120
γ [deg]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

d
(′)

Adir
CP(Bd), Amix

CP (Bd)

Adir
CP(Bs), Amix

CP (Bs)

Green bands: current SM projection current LHCb result

• γ and the hadronic parameters d = d′ and θ, θ′ [→ U -spin test] can be
determined through the intersection of two theoretically clean contours.

• Information on the branching ratios (form factors, etc.) is not needed,
but rather provides further insights into U -spin-breaking effects.

⇒ look forward to high-precision CPV measurements in B0
s → K+K−



Interesting Variant of the Method

• Combines the Bs → K+K−, Bd → π+π− U -spin method (see above)
with the Gronau–London isospin B → ππ analysis:

– Reduces the sensitivity to U -spin-breaking effects.
– Provides a competitive determination of φs = −2βs.

[Ciuchini, Franco, Mishima & Silvestrini (2012)]

• Pioneering LHCb analysis: [κ parametrises U -spin-breaking effects]

Table 3: Ranges of flat priors used for the determination of � and �2�s from B0 ! ⇡+⇡� and
B0

s ! K+K� decays using U-spin symmetry.

Quantity Prior range
d [0, 20]
# [�180�, 180�]
rD [0, ]
#rD

[�180�, 180�]
rG [0, ]
#rG

[�180�, 180�]
� (analysis A only) [�180�, 180�]

�2�s [rad] (analysis B only) [�⇡, ⇡]
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Figure 1: Dependences of the 68% (hatched areas) and 95% (filled areas) probability intervals on
the allowed amount of non-factorizable U-spin breaking, for (a) � from analysis A and (b) �2�s

from analysis B.

This fast transition is related to the non-linearity of the constraint equations. For �2�s

the dependence of the sensitivity on  is mild, but for values of  exceeding 0.6 a slight
shift of the distribution towards more negative values is observed.

In Fig. 2 we show the PDFs for � obtained from analysis A and for �2�s obtained
from analysis B, corresponding to  = 0.5. The numerical results from both analyses are
reported in Table 4. The 68% probability interval for � is [56�, 70�], and that for �2�s is
[�0.28, 0.02] rad.

8

Table 6: Ranges of flat priors used for the determination of � and �2�s from B0 ! ⇡+⇡�,
B0 ! ⇡0⇡0, B+ ! ⇡+⇡0 and B0

s ! K+K� decays, using isospin and U-spin symmetries.

Quantity Prior range
d [0, 20]
# [�180�, 180�]
q [0, 20]
#q [�180�, 180�]
rD [0, ]
#rD

[�180�, 180�]
rG [0, ]
#rG

[�180�, 180�]
� (analysis C only) [�180�, 180�]

�2�s [rad] (analysis D only) [�⇡, ⇡]
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Figure 3: Dependences of the 68% (hatched areas) and 95% (filled areas) probability intervals on
the allowed amount of non-factorizable U-spin breaking, for (a) � from analysis C and (b) �2�s

from analysis D.

determined using Eqs. 29 and 30.
The dependences on  of the 68% and 95% probability intervals for � and �2�s are

shown in Fig. 3. Again, when the amount of U-spin breaking exceeds 60%, additional
maxima appear in the posterior PDF for �. By contrast, for �2�s, the dependence of the
sensitivity on  is very weak. In Fig. 4 we show the PDFs for � obtained from analysis C
and for �2�s obtained from analysis D, corresponding to  = 0.5. The numerical results
from both analyses are reported in Table 7. The 68% probability interval for � is [57�, 71�],
and that for �2�s is [�0.28, 0.02] rad.

It is worth emphasising that, although this study is similar to that presented in Ref. [12],
there are two relevant di↵erences, in addition to the use of updated experimental inputs.

11

γ =
(
63.5+7.2

−6.7

)◦
, φs ≡ −2βs = −

(
6.9+9.2
−8.0

)◦

[LHCb Collaboration, V. Vagnoni et al., arXiv:1408.4368 [hep-ex]]



Yet Another Variant ...

→ Application of the U -spin method to B → PPP decays:

• Utilises the following decays:

B0
d,s → KSh

+h− (h = K,π)

• Time-dependent Dalitz plot analyses allow the measurement of the
corresponding branching ratios and CP asymmetries.

• The U -spin method – analogous to the B0
s → K+K−, B0

d → π+π−

system – to extract γ can be applied to each point of the Dalitz plot.

• A potential advantage of using three-body decays is that the effects of
U-spin breaking may be reduced by averaging over the Dalitz plot.

[Bhattacharya & London, arXiv:1503.00737 [hep-ph]]



CP Violation in b → s Penguin-Dominated Modes

• Plenty of experimental data:

sin(2`eff) > sin(2qe
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⇒ NP could be present, but still cannot be resolved!?

• Key problem: control hadronic uncertainties ...



Particularly Interesting Decay: B0 → π0K0

• Isospin relation between neutral B → πK amplitudes:

√
2A(B0 → π0K0) +A(B0 → π−K+) = −

[
(T̂ + Ĉ)eiγ + P̂ew

]

︸ ︷︷ ︸
(T̂ + Ĉ)(eiγ − qeiω)

≡ 3A3/2

• Implies a correlation between the CP asymmetries:

Γ(B̄0(t)→ π0KS) − Γ(B0(t)→ π0KS)

Γ(B̄0(t)→ π0KS) + Γ(B0(t)→ π0KS)

= Aπ0KS
cos(∆Md t) + Sπ0KS

sin(∆Md t)

!0.4 !0.3 !0.2 !0.1 0.0 0.1 0.2
0.0
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1.0

AKs Πo
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d
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u, d

Electroweak “penguin” contribution→ NP?

[R.F., S. Jäger, D. Pirjol and J. Zupan (’08); confirmed by Gronau & Rosner (’08)]



� Hot Topic in view of B0
d → K∗0µ+µ− @ LHCb:

[→ talks by Wolfgang Altmannshofer & Christoph Bobeth]

• Puts also other non-leptonic B-meson decays with sensitivity

to Electroweak Penguins (again...) into the spotlight:

B+→ π0K+, B0
s → φφ, B0

s → π0φ, B0
s → ρ0φ, ...



Precision Measurements
of the

B0
q–B̄

0
q Mixing Phases



CP Violation in B0
d → J/ψKS
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d

d

J/ψ

K
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u, c, t
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colour singlet
exchange

• SM corrections: → doubly Cabibbo-suppressed penguins

A(B0
d → J/ψKS) =

(
1− λ2/2

)
A′
[
1 + εa′eiθ

′
eiγ
]

[ε ≡ λ2/(1− λ2) ∼ 0.05]

• Generalized expression for mixing-induced CP violation: [φd = 2β + φNP
d ]

S(Bd → J/ψKS)√
1− C(Bd → J/ψKS)2

= sin(φd + ∆φd)

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

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

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



Towards High-Precision Analyses

• Era of Belle II and the LHCb upgrade

– Experimental precision requires the control of the penguin corrections
to reveal possible CP-violating NP contributions to B0

d–B̄0
d mixing.

– The topic receives increasing interest in the theory community:

R.F., (99); Ciuchini, Pierini & Silvestrini (05, 11); Faller, R.F., Jung & Mannel (08);

Gronau & Rosner(08); De Bruyn, R.F. & Koppenburg; Jung (2012); De Bruyn &

R.F. (15); Frings, Nierste & Wiebusch (15); ...

• The hadronic phase shift ∆φd cannot be calculated in a reliable way:

⇒ use data for B0
s → J/ψKS:

– Key feature: → “magnified” penguin parameters (no ε suppression)

A(B0
s → J/ψKS) ∝

[
1− aeiθeiγ

]

– U -spin flavour symmetry: aeiθ = a′eiθ
′



Constraints on the Penguin Parameters: χ2 Fit

→ uses SU(3) and currently available data on B → J/ψX decays:

• Internal consistency checks look fine, i.e. not any “anomalous” feature.

• The global fit yields χ2
min = 2.6 for four degrees of freedom (a, θ, φd, γ),

indicating good agreement between the different input quantities:

35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50
φd [deg]
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0.1

0.2

0.3

0.4

0.5

0.6

0.7
a

φeff
d (Bd → J/ψK0)a = 0.19+0.15

−0.12

θ = (179.5± 4.0)◦

φd = (43.2± 1.8)◦

39 % C.L.

68 % C.L.

90 % C.L.

a = 0.19+0.15
−0.12 , θ = (179.5± 4.0)

◦
, φd =

(
43.2+1.8

−1.7

)◦

[K. De Bruyn and R.F., JHEP 1503 (2015) 145 [arXiv:1412.6834 [hep-ph]]]



• Illustration through intersecting contours for the different observables:
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[K. De Bruyn and R.F., JHEP 1503 (2015) 145 [arXiv:1412.6834 [hep-ph]]]



Constraints on ∆φ
ψK0

S
d
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a = 0.1

a = 0.2
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0.3
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0.
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a
=

0.5

a
=

0.
6

a = 0.19+0.15
−0.12

θ = (179.5± 4.0)◦

∆φ
ψK0

S

d = −(1.10+0.70
−0.85)◦

39 % C.L.

68 % C.L.

90 % C.L.

∆φ
ψK0

S
d = −

(
1.10+0.70

−0.85

)◦

→ χ2 fit gives “guidance” for the importance of penguin effects.

[K. De Bruyn and R.F., JHEP 1503 (2015) 145 [arXiv:1412.6834 [hep-ph]]]



Prospects: CP Violation in B0
s → J/ψKS
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A(B0
s → J/ψKS) = −λA

[
1− aeiθeiγ

]

• CP asymmetries allow clean determination of a and θ.

• U -spin partner of the B0
d → J/ψKS decay:

aeiθ
U spin

= a′eiθ
′

[no further dynamical assumptions (E and PA)]

• Cleanest penguin control for determination of φd from B0
d → J/ψKS.

[R.F. (1999); De Bruyn, R.F. & Koppenburg (2010); De Bruyn & R.F. (2015)]



• Confidence contours for the CP asymmetries of B0
s → J/ψK0

S in the

Standard Model following from the global χ2 fit:
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Adir
CP|SM = 0.003± 0.021
Amix

CP |SM = −0.29 ± 0.20
A∆Γ|SM = 0.957± 0.061

• Pioneering LHCb analysis: [LHCb, K. De Bruyn et al., arXiv:1503.07055 [hep-ex]]

→ first measurement of the CP asymmetries:

Adir
CP(Bs → J/ψK0

S) = −0.28± 0.41(stat)± 0.08(syst)
Amix

CP (Bs → J/ψK0
S) = 0.08± 0.40(stat)± 0.08(syst)

A∆Γ(Bs → J/ψK0
S) = 0.49+0.77

−0.65(stat)± 0.06(syst)



? LHCb Upgrade Era:

→ benchmark scenario for the B0
d,s→ J/ψK0

S analysis:

• Assumes the following future measurements: [see also arXiv:1208.3355]

– Clean γ determination from tree decays B → D(∗)K(∗): γ = (70±1)◦

– φs measured from B0
s → J/ψφ and penguin strategies (see below):

φs = − (2.1± 0.5|exp ± 0.3|theo)
◦

= −(2.1± 0.6)◦ .

– CP violation in the Bs → J/ψK0
S decay:1

Adir
CP(Bs → J/ψK0

S) = 0.00± 0.05
Amix

CP (Bs → J/ψK0
S) = −0.28± 0.05

[K. De Bruyn and R.F., JHEP 1503 (2015) 145 [arXiv:1412.6834 [hep-ph]]]

1These uncertainties were extrapolated from the current LHCb measurements of the CP violation in
B0
s → D∓s K

± decays, corrected for the B0
s → J/ψK0

S event yield (no official LHCb study).



Determination of Penguin Parameters
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• Comments:

– This determination of a and θ is theoretically clean.

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



... conversion into ∆φd

• U -spin relation between B0
s → J/ψK0

S and B0
d → J/ψK0

S:

a′ = ξa , θ′ = θ + δ

→ allow for U -spin breaking (non-fact.): ξ = 1.00± 0.20, δ = (0± 20)◦:
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∆φ
ψK0

S

d = −(1.09± 0.20 +0.20
−0.24)◦

39 % C.L.

68 % C.L.

90 % C.L.

∆φ
ψK0

S
d = −

[
1.09± 0.20 (stat)+0.20

−0.24 (U spin)
]◦

= − [1.09± 0.30]
◦



Using Branching Ratio Information

It is important to emphasise that BRs are not required in this analysis:

• Knowing (a, θ) (→ clean!), the following quantitiy can be determined:

H =
1− 2 a cos θ cos γ + a2

1 + 2εa′ cos θ′ cos γ + ε2a′2
∝ B (Bs → J/ψKS)

B(Bd → J/ψKS)

⇒ H(a,θ) = 1.172± 0.037 (a, θ)± 0.0016 (ξ, δ)

• We may then extract the following amplitude ratio from the BRs:

∣∣∣∣
A′
A

∣∣∣∣ =

√
εH(a,θ)

PhSp (Bs → J/ψK0
S)

PhSp (Bd → J/ψK0
S)

τBs
τBd

B (Bd → J/ψK0
S)theo

B (Bs → J/ψK0
S)theo

• B(Bs → f) measurements @ LHCb limited by fs/fd = 0.259± 0.015:

→ assuming no improvement of fs/fd, which is conservative ⇒
∣∣∣∣
A′
A

∣∣∣∣
exp

= 1.160± 0.035 vs

∣∣∣∣
A′
A

∣∣∣∣
LCSR

fact

= 1.16± 0.18 (!)



Control Channel for Belle II: B0
d → J/ψπ0
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? Replace s spectator of B0
s → J/ψKS by d quark ⇒ B0

d → J/ψπ0

• CKM amplitude structure of B0
d → J/ψπ0 is analogous to B0

s → J/ψKS:

⇒ shows also “magnified penguins”!

• Exchange and penguin annihilation amplitudes have to be neglected in
B0
d → J/ψπ0 as they have no counterpart in B0

d → J/ψKS:

– Expected to be tiny, but can be probed through B0
s → J/ψπ0 and

B0
s → J/ψρ0 [no evidence in the current LHCb data].

[R.F. (1999): B0
d → J/ψρ0; Ciuchini, Pierini & Silvestrini (2005, 2011)]



Prospects for Measuring φd
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Sources :
BaBar − arXiv : 0902.1708
Belle − arXiv : 1201.4643
LHCb − arXiv : 1503.07089
Belle II − Talk at Krakow
LHCb Upgrade − arXiv : 1208.3355
∆φd − arXiv : 1412.6834

[Compilation: Kristof De Bruyn]



B0
s,d→ J/ψV Decays:

• B0
s → J/ψφ: benchmark decay to extract φs

• B0
d → J/ψρ0: penguin probe → CPV @ LHCb

• B0
s → J/ψK̄∗0: yet another penguin probe



The B0
s → J/ψφ Decay
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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: f ∈ {0, ‖,⊥}

A
(
B0
s → (J/ψφ)f

)
=

(
1− λ

2

2

)
A′f
[
1 + εa′fe

iθ′feiγ
]

? CP-violating observables⇒ φeff
s,(ψφ)f

= φs + ∆φ
(ψφ)f
s

• 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)]



News on B0
s → J/ψφ

• Penguin parameters:

– (a′f , θ
′
f) are expected to differ for different final-state configurations f .

– Simplified arguments along the lines of factorisation:

⇒ a′f ≡ a′ψφ , θ′f ≡ θ′ψφ ∀f ∈ {0, ‖,⊥}

→ interesting to test through data! [R.F. (1999)]

• New LHCb results for Bs → J/ψφ: [LHCb, arXiv:1411.3104]

– First polarisation-dependent results for φeff
s,f : → pioneering character:

φeff
s,0 = −0.045± 0.053± 0.007 = −(2.58± 3.04± 0.40)◦

φeff
s,‖| − φeff

s,0 = −0.018± 0.043± 0.009 = −(1.03± 2.46± 0.52)◦

φeff
s,⊥ − φeff

s,0 = −0.014± 0.035± 0.006 = −(0.80± 2.01± 0.34)◦

– Assuming a universal value of φeff
s :

φeff
s = φs + ∆φs = −0.058± 0.049± 0.006 = −(3.32± 2.81± 0.34)◦



• Further polarisation-dependent LHCb results for B0
s → J/ψφ:

|λf | ≡
∣∣∣∣
A(B̄0

s → (J/ψφ)f
A(B0

s → (J/ψφ)f

∣∣∣∣ =

∣∣∣∣∣∣
1 + εa′fe

iθ′fe−iγ

1 + εa′fe
iθ′
fe+iγ

∣∣∣∣∣∣
|λ0| = 1.012± 0.058± 0.013

|λ⊥/λ0| = 1.02± 0.12± 0.05
|λ‖/λ0| = 0.97± 0.16± 0.01

? Assuming a universal |λf | ≡ |λψφ|: ⇒ |λψφ| = 0.964±0.019±0.007

• Constraints in the θ′ψφ–a′ψφ plane following from the “universal” LHCb

values of φeff
s and |λψφ|, assuming the SM value of φs:
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39 % C.L.
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? Controlling the Penguin

Effects in B0
s → J/ψφ:

• Use the SU(3) flavour symmetry.

• Neglect certain E and PA topologies:

– Probed through B0
d → J/ψφ and B0

s → J/ψρ0.

– No evidence for enhancement in LHCb data:

→ stronger bounds in the future ...

[R.F. (1999), Faller, R.F. & Mannel (2008), De Bruyn & R.F. (2015)]



The B0
d → J/ψρ0 Decay
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• Decay amplitude:

√
2A
(
B0
d → (J/ψρ0)f

)
= −λAf

[
1− afeiθfeiγ

]

• CKM structure similar to B0
s → J/ψKS and B0

d → J/ψπ0:

→ “magnified penguin contributions”

– Hardonic parameters in B0
s,d → J/ψK0

S and B0
d → J/ψρ0 are generally

expected to differ from one another.

• CP violation: → φeff
d,f ≡ 2βeff

f (in general polarisation dependent)



Extracting CKM phases from angular distributions of Bd ,s decays into admixtures
of CP eigenstates
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The time-dependent angular distributions of certain Bd ,s decays into final states that are admixtures of
CP-even and CP-odd configurations provide valuable information about CKM phases and hadronic param-
eters. We present the general formalism to accomplish this task, taking also into account penguin contributions,
and illustrate it by considering a few specific decay modes. We give particular emphasis to the decay Bd

→J/#$0, which can be combined with Bs→J/#% to extract the Bd
0-B̄d

0 mixing phase and—if penguin effects
in the former mode should be sizeable—also the angle & of the unitarity triangle. As an interesting by-product,
this strategy allows us to take into account also the penguin effects in the extraction of the Bs

0-B̄s
0 mixing phase

from Bs→J/#% . Moreover, a discrete ambiguity in the extraction of the CKM angle ' can be resolved, and
valuable insights into SU(3)-breaking effects can be obtained. Other interesting applications of the general
formalism presented in this paper, involving Bd→$$ and Bs ,d→K*K̄* decays, are also briefly noted.
(S0556-2821!99"03619-X)
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• First experimental results for CP violation in the B0
d → J/ψρ0 channel:

→ pioneering polarisation-dependent analysis:

φeff
d,0 = +

(
44.1± 10.2+3.0

−6.9

)◦

φeff
d,‖ − φeff

d,0 = −
(
0.8± 6.5+1.9

−1.3

)◦

φeff
d,⊥ − φeff

d,0 = −
(
3.6± 7.2+2.0

−1.4

)◦

[L. Zhang and S. Stone, arXiv:1212.6434; LHCb Collaboration, arXiv:1411.1634]

• Assuming polarisation-independent penguin parameters: ⇒

φeff
d =

(
41.7± 9.6+2.8

−6.3

)◦

Adir
CP(Bd → J/ψρ) ≡ CJ/ψρ = −0.063± 0.056+0.019

−0.014

−Amix
CP (Bd → J/ψρ) ≡ SJ/ψρ = −0.66+0.13+0.09

−0.12−0.03

• Using γ = (70.0+7.7
−9.0)◦ [CKMfitter] and φd =

(
43.2+1.8

−1.7

)◦
determined

from our B → J/ψP analysis (see above), a χ2 fit to the data yields:

aψρ = 0.037+0.097
−0.037 , θψρ = −

(
67+181
−141

)◦
, ∆φ

J/ψρ0

d = −
(
1.5+12
−10

)◦



• Illustration of the determination of af and θf from the χ2 fit through

intersecting contours derived from the CP observables in B0
d → J/ψρ0:
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[K. De Bruyn & R.F. (2015)]



? Further Implications of the B0
d → J/ψρ0 Analysis:

• Conversion into the B0
s → J/ψφ penguin parameters:

a′ψφ = ξaψρ θ′ψφ = θψρ + δ [ξ = 1.00± 0.20, δ = (0± 20)◦]

⇒ ∆φψφs =
[
0.08+0.56

−0.72 (stat)+0.15
−0.13 (SU(3))

]◦
(!)

... to be compared with φeff
s = φs + ∆φψφs = −(3.32± 2.81± 0.34)◦.

[In agreement with LHCb Collaboration, S. Stone et al., arXiv:1411.1634]

• Extraction of hadronic amplitude ratios: [→ B0
s,d → J/ψKS discussion]

∣∣∣ A
′
0(Bs→J/ψφ)

A0(Bd→J/ψρ0)

∣∣∣ = 1.06± 0.07 (stat)± 0.04 (a0, θ0)
fact
= 1.43± 0.42∣∣∣∣

A′||(Bs→J/ψφ)

A‖(Bd→J/ψρ0)

∣∣∣∣ = 1.08± 0.08 (stat)± 0.05 (a‖, θ‖)
fact
= 1.37± 0.20

∣∣∣ A
′
⊥(Bs→J/ψφ)

A⊥(Bd→J/ψρ0)

∣∣∣ = 1.24± 0.15 (stat)± 0.06 (a⊥, θ⊥)
fact
= 1.25± 0.15

[
Naive “fact” refers to LCSR form factors [Ball & Zwicky (’05)];

recent PQCD calculation: X. Liu, W. Wang and Y. Xie (2014)]

]



The B0
s → J/ψK

∗0
Decay

b

c

c

J/ψ

WB
0

s

s

s

d

K̄
∗0

b

c

c

J/ψ

u, c, t

W

colour singlet
exchange

B
0

s

s

s
K̄

∗0

d

• Decay amplitude: A(B0
d → (J/ψK

∗0
)f) = −λÃf

[
1− ãfeiθ̃feiγ

]

• SU(3) and neglect of PA and E topologies:

ãfe
iθ̃f = afe

iθf , Ãf = Af .

• Important difference/disadvantage with respect to B0
d → J/ψρ0:

→ no mixing-induced CP violation ⇒
– Untagged rate measurement ⊕ direct CP violation.

– Angular analysis is required to disentangle final states f ∈ {0, ‖,⊥}
[S. Faller, R.F. & T. Mannel (2008)]



• In more detail: untagged rate measurement →

H̃f ≡
1

ε

∣∣∣∣∣
A′f
Ãf

∣∣∣∣∣

2
PhSp (Bs → J/ψφ)

PhSp(Bs → J/ψK
∗0

)

B(Bs → J/ψK
∗0

)theo

B(Bs → J/ψφ)theo

f̃ exp
VV,f

f exp
VV,f

f exp
VV,f ≡

B(Bs → (f)f)exp∑
f B(Bs → (f)f)exp

H̃f requires |A′f/Ãf | → hadronic uncertainties...

[Experimental analysis: CDF (2011); LHCb, arXiv:1208.0738]

• Important next step: CP violation measurements →

– We expect them to approximately equal those of B0
d → J/ψρ0:

Adir
CP(Bs → J/ψK

∗0
)0 = −0.094± 0.071

Adir
CP(Bs → J/ψK

∗0
)‖ = −0.12± 0.12

Adir
CP(Bs → J/ψK

∗0
)⊥ = 0.03± 0.22

– Look forward to compare with future LHCb measurements ...



A Penguin Roadmap
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[K. De Bruyn & R.F. (2015)]



Interplay Between the φd and φs Analyses

B0
d → J/ψK0

S

B0
d → J/ψρ0

B0
s → J/ψφ

B0
s → J/ψK0

S

∆φd φd

∆φsφs

[K. De Bruyn & R.F. (2015)]



Correlation Between φd and φs for New Physics

→ Illustration for non-MFV models:

• Non-MFV models with flavour-universal CP-violating NP phases:

φNP
s = φNP

d ≡ φNP ⇒ φs = φd +
(
φSM
s − φSM

d

)

[Ball & R.F. (2006); Buras & Guadagnoli (2008); Buras & Girrbach (2014)]

• Current situation and extrapolation to the LHCb upgrade era:

sin 2β =
2Rb sin γ(1−Rb cos γ)

(Rb sin γ)2 + (1−Rb cos γ)2
⇒ Rb key limitation for φSM

d = 2β:
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Another Penguin Playground: B → DD Decays
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Figure 1: Illustration of topologies contributing to the B0
d(s) ! D+

d(s)D
�
d(s) decays.

2 Decay Amplitudes and Observables

2.1 Amplitude Structure

The B0
d ! D�

d D+
d mode is caused by b̄ ! c̄cd̄ quark-level transitions, and in the SM re-

ceives contributions from the decay topologies illustrated in Fig. 1. The decay amplitude
takes the following form [5]:

A
�
B0

d ! D�
d D+

d

�
= ��A

⇥
1 � aei✓ei�

⇤
, (1)

where � serves as a CP-violating weak phase and is the usual angle of the unitarity
triangle (UT) of the Cabibbo–Kobayashi–Maskawa (CKM) matrix [28, 29], while

A ⌘ �2A
⇥
T + E +

�
P (c) + PA(c)

 
�
�
P (t) + PA(t)

 ⇤
(2)

and

aei✓ ⌘ Rb

" �
P (u) + PA(u)

 
�
�
P (t) + PA(t)

 

T + E + {P (c) + PA(c)} � {P (t) + PA(t)}

#
(3)

are CP-conserving hadronic parameters. Here T and P (q) denote the strong amplitudes
of the (colour-allowed) tree and penguin topologies (with internal q-quark exchanges),
respectively, which can be expressed in terms of hadronic matrix elements of the cor-
responding low-energy e↵ective Hamiltonian. We have also included the amplitudes
describing exchange E and penguin annihilation PA(q) topologies, which are naively ex-
pected to play a minor role [30]. However, we find that the current data imply sizeable

2

• Various interesting features:

– Extraction of the B0
q–B̄0

q mixing phases from the CP asymmetries.

– Probes of exchange and penguin annihilation topologies.

– Tests of factorization, ...

[R.F. (1999, 2007); Gronau, Rosner & Pirjol (2008); Jung & Schacht (2015); ...]



Anatomy of B → DD Decays

→ comprehensive recent analysis: → key results:

• Significantly enhanced exchange and penguin annihilation topologies.

• Indications for potentially enhanced penguin contributions.

• Factorization tests utilizing semileptonic B0
d → D−d `

+ν` modes.

• Tests of SU(3)-breaking effects.

• Detailed exploration of prospects for the LHCb upgrade and Belle II era:

⇒ penguin strategies depend on future measured observables:

→ allow us to control penguins in φs from B0
s → D+

s D
+
s

[L. Bel, K. De Bruyn, R.F., M. Mulder & N. Tuning, arXiv:1505.01361 [hep-ph]]
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→ Details: L. Bel, K. De Bruyn, R.F., M. Mulder & N. Tuning, arXiv:1505.01361 [hep-ph]



Prespectives for Rare Bs Decays:

New Observables

→ LHCb Upgrade Era



General Features of B0
s → µ+µ−

• Situation in the Standard Model (SM): → only loop contributions:

b

t

t

W
Z

µ

µ

s

B0
s

b

t

W

W

µ

µ

νµ

s

B0
s

– Moreover: helicity suppression → BR ∝ m2
µ

⇒ strongly suppressed decay

• Hadronic sector: → very simple, only the Bs decay constant FBs enters:

〈0|b̄γ5γµs|B0
s(p)〉 = iFBspµ

⇒ B0
s → µ+µ− belongs to the cleanest rare B decays



Highlight of LHC Run I: Observation of B0
s → µ+µ−

• Combined analysis of the CMS and LHCb collaborations:

In addition to the combinatorial background, specific b-hadron
decays, such as B0 R p2m1n where the neutrino cannot be detected
and the charged pion is misidentified as a muon, or B0 R p0m1m2,
where the neutral pion in the decay is not reconstructed, can mimic the
dimuon decay of the B0

(s) mesons. The invariant mass of the recon-
structed dimuon candidate for these processes (semi-leptonic back-
ground) is usually smaller than the mass of the B0

s or B0 meson because
the neutrino or another particle is not detected. There is also a back-
ground component from hadronic two-body B0

(s) decays (peaking
background) as B0 R K1 p2, when both hadrons from the decay are
misidentified as muons. These misidentified decays can produce peaks
in the dimuon invariant-mass spectrum near the expected signal,
especially for the B0 R m1m2 decay. Particle identification algorithms
are used to minimize the probability that pions and kaons are mis-
identified as muons, and thus suppress these background sources.
Excellent mass resolution is mandatory for distinguishing between
B0 and B0

s mesons with a mass difference of about 87 MeV/c2 and
for separating them from backgrounds. The mass resolution for
B0

s?mzm{ decays in CMS ranges from 32 to 75 MeV/c2, depending
on the direction of the muons relative to the beam axis, while LHCb
achieves a uniform mass resolution of about 25 MeV/c2.

The CMS and LHCb data are combined by fitting a common value for
each branching fraction to the data from both experiments. The branch-
ing fractions are determined from the observed numbers, efficiency-
corrected, of B0

(s) mesons that decay into two muons and the total
numbers of B0

(s) mesons produced. Both experiments derive the latter
from the number of observed B1 R J/y K1 decays, whose branching
fraction has been precisely measured elsewhere14. Assuming equal rates
for B1 and B0 production, this gives the normalization for B0 R m1m2.
To derive the number of B0

s mesons from this B1 decay mode, the ratio
of b quarks that form (hadronize into) B1 mesons to those that form B0

s
mesons is also needed. Measurements of this ratio27,28, for which there is
additional discussion in Methods, and of the branching fraction
B(B1 R J/y K1) are used to normalize both sets of data and are con-
strained within Gaussian uncertainties in the fit. The use of these two
results by both CMS and LHCb is the only significant source of correla-
tion between their individual branching fraction measurements. The
combined fit takes advantage of the larger data sample to increase the
precision while properly accounting for the correlation.

In the simultaneous fit to both the CMS and LHCb data, the branch-
ing fractions of the two signal channels are common parameters of
interest and are free to vary. Other parameters in the fit are considered
as nuisance parameters. Those for which additional knowledge is
available are constrained to be near their estimated values by using
Gaussian penalties with their estimated uncertainties while the others
are free to float in the fit. The ratio of the hadronization probability
into B1 and B0

s mesons and the branching fraction of the normaliza-
tion channel B1 R J/y K1 are common, constrained parameters.
Candidate decays are categorized according to whether they were
detected in CMS or LHCb and to the value of the relevant BDT dis-
criminant. In the case of CMS, they are further categorized according
to the data-taking period, and, because of the large variation in mass
resolution with angle, whether the muons are both produced at large
angles relative to the proton beams (central-region) or at least one
muon is emitted at small angle relative to the beams (forward-region).
An unbinned extended maximum likelihood fit to the dimuon invari-
ant-mass distribution, in a region of about 6500 MeV/c2 around the
B0

s mass, is performed simultaneously in all categories (12 categories
from CMS and eight from LHCb). Likelihood contours in the plane of
the parameters of interest, B(B0 R m1m2) versus B(B0

s?mzm{), are
obtained by constructing the test statistic 22DlnL from the difference
in log-likelihood (lnL) values between fits with fixed values for the
parameters of interest and the nominal fit. For each of the two branch-
ing fractions, a one-dimensional profile likelihood scan is likewise
obtained by fixing only the single parameter of interest and allowing
the other to vary during the fits. Additional fits are performed where
the parameters under consideration are the ratio of the branching

fractions relative to their SM predictions, S
B0

(s)
SM:B(B0

(s)?mzm{)=

B(B0
(s)?mzm{)SM, or the ratioR of the two branching fractions.

The combined fit result is shown for all 20 categories in Extended
Data Fig. 1. To represent the result of the fit in a single dimuon
invariant-mass spectrum, the mass distributions of all categories,
weighted according to values of S/(S 1 B), where S is the expected
number of B0

s signals and B is the number of background events under
the B0

s peak in that category, are added together and shown in Fig. 2.
The result of the simultaneous fit is overlaid. An alternative repres-
entation of the fit to the dimuon invariant-mass distribution for the six
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Figure 2 | Weighted distribution of the dimuon invariant mass, mm1m2, for
all categories. Superimposed on the data points in black are the combined fit
(solid blue line) and its components: the B0

s (yellow shaded area) and B0 (light-
blue shaded area) signal components; the combinatorial background (dash-
dotted green line); the sum of the semi-leptonic backgrounds (dotted salmon

line); and the peaking backgrounds (dashed violet line). The horizontal bar on
each histogram point denotes the size of the binning, while the vertical bar
denotes the 68% confidence interval. See main text for details on the weighting
procedure.
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B(B0
s → µ+µ−) = (2.8+0.7

−0.6)× 10−9, B(B0
d → µ+µ−) = (3.9+1.6

−1.4)× 10−10

[CMS and LHCb Collaborations, Nature, 13 May 2015]

• Most recent theoretical Standard Model analysis: [→ talk by C. Bobeth]

B(B0
s → µ+µ−) = (3.66± 0.23)× 10−9,

B(B0
d → µ+µ−) = (1.06± 0.09)× 10−10

[Bobeth, Gorbahn, Hermann, Misiak, Stamou & Steinhauser, Phys. Rev. Lett. 112 (14) 101801]



• Interesting situation to monitor:

categories with the highest S/(S 1 B) value for CMS and LHCb, as well
as displays of events with high probability to be genuine signal decays,
are shown in Extended Data Figs 2–4.

The combined fit leads to the measurements B(B0
s?mzm{)~

(2:8z0:7
{0:6) |10{9 and B(B0?mzm{)~(3:9z1:6

{1:4)|10{10, where the
uncertainties include both statistical and systematic sources, the latter
contributing 35% and 18% of the total uncertainty for the B0

s and B0

signals, respectively. Using Wilks’ theorem29, the statistical signifi-
cance in unit of standard deviations, s, is computed to be 6.2 for the
B0

s?mzm{ decay mode and 3.2 for the B0 R m1m2 mode. For each
signal the null hypothesis that is used to compute the significance
includes all background components predicted by the SM as well as
the other signal, whose branching fraction is allowed to vary freely. The
median expected significances assuming the SM branching fractions
are 7.4s and 0.8s for the B0

s and B0 modes, respectively. Likelihood
contours forB(B0 R m1m2) versusB(B0

s?mzm{) are shown in Fig. 3.
One-dimensional likelihood scans for both decay modes are displayed
in the same figure. In addition to the likelihood scan, the statistical
significance and confidence intervals for the B0 branching fraction are
determined using simulated experiments. This determination yields a
significance of 3.0s for a B0 signal with respect to the same null hypo-
thesis described above. Following the Feldman–Cousins30 procedure,

61s and 62s confidence intervals for B(B0 R m1m2) of [2.5, 5.6] 3
10210 and [1.4, 7.4] 3 10210 are obtained, respectively (see Extended
Data Fig. 5).

The fit for the ratios of the branching fractions relative to their SM
predictions yieldsSB0

s
SM~0:76z0:20

{0:18 andSB0

SM~3:7z1:6
{1:4. Associated like-

lihood contours and one-dimensional likelihood scans are shown in
Extended Data Fig. 6. The measurements are compatible with the SM
branching fractions of the B0

s?mzm{ and B0 R m1m2 decays at the
1.2s and 2.2s level, respectively, when computed from the one-
dimensional hypothesis tests. Finally, the fit for the ratio of branching
fractions yieldsR~0:14z0:08

{0:06, which is compatible with the SM at the
2.3s level. The one-dimensional likelihood scan for this parameter is
shown in Fig. 4.

The combined analysis of data from CMS and LHCb, taking advant-
age of their full statistical power, establishes conclusively the existence
of the B0

s?mzm{ decay and provides an improved measurement of its
branching fraction. This concludes a search that started more than
three decades ago (see Extended Data Fig. 7), and initiates a phase of
precision measurements of the properties of this decay. It also pro-
duces three standard deviation evidence for the B0 R m1m2 decay. The
measured branching fractions of both decays are compatible with SM
predictions. This is the first time that the CMS and LHCb collabora-
tions have performed a combined analysis of sets of their data in order
to obtain a statistically significant observation.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.

Received 12 November 2014; accepted 31 March 2015.
Published online 13 May 2015.

1. Bobeth, C. et al. Bs,d R l1l2 in the Standard Model with reduced theoretical
uncertainty. Phys. Rev. Lett. 112, 101801 (2014).

2. Evans, L. & Bryant, P. LHC machine. J. Instrum. 3, S08001 (2008).
3. Planck Collaboration, Ade P. A. R. et al. Planck 2013 results. XVI. Cosmological

parameters. Astron. Astrophys. 571, A16 (2014).
4. Gavela, M., Lozano, M., Orloff, J. & Pène, O. Standard model CP-violation and

baryon asymmetry (I). Zero temperature. Nucl. Phys. B 430, 345–381 (1994).
5. RBC–UKQCD Collaborations, Witzel, O. B-meson decay constants with domain-

wall light quarks and nonperturbatively tuned relativistic b-quarks. Preprint at
http://arXiv.org/abs/1311.0276 (2013).

6. HPQCD Collaboration, Na, H. et al. B and Bs meson decay constants from lattice
QCD. Phys. Rev. D 86, 034506 (2012).

7. Fermilab Lattice and MILC Collaborations, Bazavov A. et al. B- and D-meson decay
constants from three-flavor lattice QCD. Phys. Rev. D 85, 114506 (2012).

8. Huang, C.-S., Liao, W. & Yan, Q.-S. The promising process to distinguish super-
symmetric models with large tanb from the standard model: B R Xsm

1m2. Phys.
Rev. D 59, 011701 (1998).

0 0.2 0.4 0.6 0.8

–2
Δl

nL

0

2

4

6

8

10
SM

0 2 4 6 8

–2
Δl

nL

0

10

20

30

40
SM

→s(B0

0 1 2 3 4 5 6 7 8 9
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

68.27%

95.45%

99.73%

1 − 6.3×10 –5

1 − 5.7×10 –7
1 − 2×10 –9

SM

CMS and LHCb (LHC run I)
a b

c

P+P–) (10−9)

→s(B0 P+P–) (10−9)

→(B0 P+P–) (10−9)

→
(B

0
P
+ P

– )
 (1

0−9
)

Figure 3 | Likelihood contours in the B(B0 R m1m2) versus
B(B0

s Rm1m2) plane. The (black) cross in a marks the best-fit central value.
The SM expectation and its uncertainty is shown as the (red) marker. Each
contour encloses a region approximately corresponding to the reported
confidence level. b, c, Variations of the test statistic 22DlnL forB(B0

s ?mzm{)

(b) andB(B0 R m1m2) (c). The dark and light (cyan) areas define the 61s and
62s confidence intervals for the branching fraction, respectively. The SM
prediction and its uncertainty for each branching fraction is denoted with the
vertical (red) band.

0 0.1 0.2 0.3 0.4 0.5

–2
Δl

nL

0

2

4

6

8

10

SM and MFV

CMS and LHCb (LHC run I)

Figure 4 | Variation of the test statistic 22DlnL as a function of the ratio of
branching fractionsR:B(B0 Rm1m2)/B(B0

s Rm1m2). The dark and light
(cyan) areas define the 61s and 62s confidence intervals forR, respectively.
The value and uncertainty forR predicted in the SM, which is the same in BSM
theories with the minimal flavour violation (MFV) property, is denoted with
the vertical (red) band.

4 | N A T U R E | V O L 0 0 0 | 0 0 M O N T H 2 0 1 5

RESEARCH LETTER

G2015 Macmillan Publishers Limited. All rights reserved
[CMS and LHCb Collaborations, Nature, 13 May 2015]



LHCb Upgrade Era: B0
s → µ+µ−

• Branching ratio measurement requires normalization:

BR(B0
s → µ+µ−) = BR(Bq → X)

εX
εµµ

Nµµ
NX

fq
fs

→ ratio of fragmentations functions fs/fd is the major limiting factor...

[R.F., Nicola Serra & Niels Tuning (2010)]

• Is there an observable beyond the branching ratio?: yes ...

– Exploit the sizeable Bs decay width difference ∆Γs:

ys ≡
∆Γs
2 Γs

≡ Γ
(s)
L − Γ

(s)
H

2 Γs
= 0.075± 0.012

– Provides access to another observable:

Aµµ∆Γ =
|P |2 cos(2ϕP − φNP

s )− |S|2 cos(2ϕS − φNP
s )

|P |2 + |S|2
SM−→ 1

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



Comments on Aµµ∆Γ: theoretically clean

• Aµµ∆Γ involves the following New Physics parameters:

Heff = − GF√
2π
V ∗tsVtbα

[
C10O10+CSOS+CPOP+C ′10O

′
10+C ′SO

′
S+C ′PO

′
P

]

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

• Aµµ∆Γ can be extracted from a time-dependent untagged analysis:

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

s(t)→ µ+µ−)

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

]

– Currently only time-integrated analyses → BR measurement.

– Need to correct for ∆Γs when comparing with theory BR calculation.



New Degree of Freedom to Probe New Physics

• Useful to introduce the following ratio:

R ≡ B(B0
s → µ+µ−)exp

B(B0
s → µ+µ−)SM

=

[
1 +Aµµ∆Γ ys

1− y2
s

]
(|P |2 + |S|2)

=

[
1 + ys cos(2ϕP − φNP

s )

1− y2
s

]
|P |2 +

[
1− ys cos(2ϕS − φNP

s )

1− y2
s

]
|S|2

– Current situation: R = 0.82± 0.21

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

⇒ sizeable NP could be present ...

• Further information from the measurement of Aµµ∆Γ:

|S| = |P |
√

cos(2ϕP − φNP
s )−Aµµ∆Γ

cos(2ϕS − φNP
s ) +Aµµ∆Γ

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



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

from a future measurement of the Bs → µ+µ− obsevable Aµµ∆Γ:
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- Assumes no NP phases for the A∆Γ curves (e.g. MFV without flavour-blind phases).

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



• Detailed analysis within specific NP scenarios:

0.5 1.0 1.5 2.0
R̄ ≡ BR(Bs→ µ+µ−)/BRSM(Bs→ µ+µ−)

−1.0

−0.5

0.0

0.5

1.0

A
µ
µ

∆
Γ

SM

H0 (LHS)

A0 (LHS)

Z ′ (LHS)

H0 + A0 (MFV)

R̄ = 0.79+0.20
−0.20

[Buras, R.F., Girrbach & Knegjens (2013)]

• Aµµ∆Γ is encoded in the effective B0
s → µ+µ− lifetime:

τµ+µ− ≡
∫∞

0
t 〈Γ(Bs(t)→ µ+µ−)〉 dt∫∞

0
〈Γ(Bs(t)→ µ+µ−)〉 dt =

τBs
1− y2

s

[
1 + 2Aµµ∆Γys + y2

s

1 +Aµµ∆Γys

]

→ promising observable for the LHCb upgrade era!



New Observables in B0
s → φ`+`−

• In analogy to the B0
s → µ+µ−, the decay width difference ∆Γs can also

be utilized in the rare decay B0
s → φ`+`−:

– Angular analysis is required.

– Much more involved than B0
s → µ+µ−: form factors, resonances, etc.,

– Interesting to complement the search for NP with B0
d → K∗0µ+µ−.

• Discuss also the observables of the time-dependent analysis of the angular
distribution of the B0

d → K∗0(→ π0KS) decay.

→
{

interesting to fully exploit the physics potential of semileptonic
rare B(s) decays in the era of Belle II and the LHCb upgrade.

[S. Descotes-Genon and J. Virto, arXiv:1502.05509 [hep-ph]]



Conclusions



Exciting Opportunities for B Physics

→ selection out of many interesting topics:

• Excellent prospects for measuring γ:

– B → D(∗)K(∗) and Bs → D∓s K
± (clean): pure tree decays

– Bs → K+K−, Bd → π+π− (U spin): loops involved; new variants.

– B → πK decays: SU(3) methods to extract γ → change of focus:

→ probe electroweak penguins: B0
d → π0KS particularly interesting,

complemented by B+ → π0K+, B0
s → φφ, B0

s → π0φ, ...

• High-precision measurements of the B0
d,s–B̄

0
d,s mixing phases:

→ penguin corrections have to be controlled:

– B0
s → J/ψKS: cleanest control of penguins in φd from B0

d → J/ψKS.

– B0
d → J/ψρ0, B0

s → J/ψK̄∗0: ⇒ φs from B0
s → J/ψφ ... already

impressive contraints and insights, also for SU(3)-breaking effects.

– B → DD̄ decays: interesting complementary setting for penguins.

• Rare Bs decays: → new observables for the LHCb upgrade era:

– B0
s → µ+µ−: effective lifetime probes NP complementary to the BR.

– B0
s → φ`+`−: observables utilising ∆Γs



• Crucial for the full exploitation of B physics in the next ∼ 10 years:

� (continued) strong interaction theory ↔ experiment:

– Hadronic physics: factorization, SU(3)-breaking corrections, data...

– Think about new observables to probe the SM/NP.

– Explore correlations/patterns between processes in specific NP models.

• Important to finally resolve a long-standing problem:

→ discrepancies inclusive/exclusive |Vub|, |Vcb| determinations.

• Exciting times for B physics: → hot topics @ FPCP 2015

(2–3)σ deviations seem to accumulate: → first footprints of NP (?):

– First signals for B0
d → µ+µ− (?)

– Anomalies in B0
d → K∗0µ+µ− (?)

– RK = B(B+ → K+µ+µ−)/B(B+ → K+e+e−) (?).

– Data for B → τν decays, B → D(∗)τν decays (?).


