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Experience The Beauty of Marseille

Marseille's amazing Basilique Notre Dame de la Garde

Marseille is a favourite tourist destination preferred for its warm Mediterranean climate, prehistoric
sites, and the allure of its culture. One of the worldfamous tourist attractions in Marseille is the
Basilique Notre Dame de la Garde, which the local residents reverently refer to as La Bonne Mere or
‘the Good Mother’. Basilique Notre Dame de la Garde (Our Lady of the Guard) was designed by
Jacques Henri Esperandieu with construction commencing on September 1853 and it took eleven
years to be completed. The basilica is an architectural masterpiece both structural and in interior
adornment.

Any visitor visiting the church would not miss the ‘Good Mother’, a 30 ft statue of Virgin Mary holding
baby Jesus at the top the Cathedral’s bell tower. The aureate statue was installed around 1870 and it
is regilded periodically after every 25 years. It is a pilgrimage site with thousands of pilgrims visiting
annually for the Feast of Assumption on August 15. The church also has deep historical significance
with classical aspects that anyone would appreciate. Recent history is still visible on its northern walls
as it bears scars of the Marseilles’ Liberation War of 1944 with visible bullet markings, burns and
shrapnel pockmarks.

The historic church is also popular amongst Marseille visitors for its awesome panoramic view of
Marseille since it is built on a naturally high ground; it stands on the 532 ft La Garde hill. The superb
panorama includes city view, the islands, and the vast sea.

The sea and Marseilles’ waterways means visitors get to catch Marseilles’ famed boat ferries. There’s a
free ferry service that shuttles across the Old Port from La Mairie (Town Hall) and the Rive Nueve with
the journey usually half an hour oneway. Other boat services include the Frioul If Express, which
serves most of the islands across to Marseille. There are clear sign posts all across the city on where to
catch your ferry and it is hard to get lost even for a first timer, provided your French is fair. The ferry
boats are a great way to sightsee in this city but it is also possible to hire boats at your pleasure.

Marseille, France’s second largest city is a cauldron of its own culture and it takes pride of its
uniqueness from the rest of Europe. It is a city of culture evidenced by the 17 museums and over 40
theatres and it has been designated as European Capital of Culture 2013.
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The 16th International Conference on B-physics at Frontier Machines
BEAUTY 2016
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•  LHC (high √s) and B decays (rare processes) 

• B Physics 

• Charm Physic, Kaons, EMD’s, LFV 

• Serendipity 

• Summary
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Outline

• Richard Lebed - Hadron Spectroscopy

• Alexey Petrov - D mixing and rare decays 
• Stefan Schacht - Non-leptonic D decays

• Hitoshi Murayama - Theory in the LHC era • Joachim Brod - Higgs      

• Andrzej Buras - Rare K Decays 
• Martin Jung - EDM and LFV        

• Jerome Charles - CP violation 
• Ruth Van de Water - Lattice QCD  
• Enrico Lunghi - Rare Decays (Lattice)  
• Mateusz Koren - Bs -> K e 𝜈 (Lattice HQET) 
• Andrew Lytle - Bc Decays (Lattice HISQ)

• Kristof De Bruyn - Penguins in ɸ(s,d)

• Sebastien Descotes-Genon - BSM fits (B decays) 
• Paolo Gambino - Semileptonic Decays (Vxbll)  
• Andreas Crivellin - B-anomalies (LFUV) 
• Jorge Martin Camalich - Semileptonic B decays 

(hadronic uncertainties)

• Yasuhiro Okada - Belle 2      
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apéritif 
LHC (high √s) and B decays (rare processes)
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STATE OF THEORY (< 2012) 

EBH  (Era Before the Higgs) 

Two theoretical arguments for new physics at the LHC and rare decays 

1.  Unitarity argument set a scale in the TeV region: 

   Higgs, or 

   New strong dynamics, or 

   SUSY particles begin to appear. 

2. Naturalness:  

  New strong dynamics at the TeV scale -> new spectrum of particles 

 SUSY -> supersymmetric partners begin to appear 

4
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• Higgs Discovered (4/7/2012) 

– Spin 0  
– Couplings in SM completely determined by mH 
– Couplings consistent with SM  

– New Frontier for flavor physics  

– Measure charm coupling: total width, global fit, 
exclusive decays (h-> J/ψ Ɣ), charm tagging 

– EDM constraints on Yukawa top, bottom couplings 

– New idea to calculate electron coupling in atomic 
systems [Delaunay et al. 1601.05087]  

– Hints of LFV decays:

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

 [GeV]Hm
123 124 125 126 127 128 1290.5−

9
Total Stat. Syst.CMS and ATLAS

 Run 1LHC       Total      Stat.    Syst.

l+4γγ CMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15 

γγ CMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07 

l4→ZZ→H CMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59 

l4→ZZ→H ATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51 

γγ→H CMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70 

γγ→H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 

MASS MEASUREMENT
• Channels with best mass resolution used: H⇾γγ and 
H⇾ZZ⇾4l

• simultaneous fit to the reconstructed invariant mass 
peaks in the two channels and for the two experiments 

• maximisation of profile likelihood ratios - mass 
measurement as independent as possible from SM 
assumptions

mH=125.09±0.21(stat)±0.11(scale)±0.02(other)±0.01(theory) GeV

6

Phys. Rev. Lett. 114, 191803
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CMS and ATLAS

 Run 1LHC
γγ→H ATLAS

l4→ZZ→H ATLAS
γγ→H CMS

l4→ZZ→H CMS
All combined

Best fit
68% CL

• Total uncertainty dominated by statistical error. 
Systematics dominated by energy/momentum 
scale and resolution

• Measurements are consistent between the 
different decay channels and between the two 
experiments
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PRODUCTION AND DECAY 
RATES

7

ATLAS-CONF-2015-044/CMS-PAS-HIG-15-002

• Measurement of production and decay signal 
strength

• Higgs boson mass fixed to 125.09 GeV

x
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COUPLING CONSTRAINTS
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ATLAS-CONF-2015-044/CMS-PAS-HIG-15-002

• Testing of the couplings by allowing more generic 
models

• parameterisations with contributions from 
BSM particles in loops and in decays

• for i⇾H⇾f

• coupling modifiers are introduced to 
parameterise potential deviations from the SM 
predictions of the Higgs boson couplings to SM 
bosons and fermions

• fit of 7 coupling modifiers κx and BRBSM

Data consistent with the SM

or
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Joachim Brod
h → τµ at CMS

τ → µγ, τ → 3µ, (g − 2)µ, µEDM

allow for BR(h → τµ) = O(10%)
[Harnik et al. 1209.1397]
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ττ→LHC h

observed
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τµ→h

µ 3→τ

γ µ →τ

2/vτ
mµ

|=m
µτ

Yτµ
|Y

BR(h → τµ) = (0.84+0.39
−0.37)%

⇒
√

|Yτµ|2 + |Yµτ |2 = (2.6± 0.6)× 10−3

[Altmannshofer et al. 1507.07927]

Joachim Brod (TU Dortmund) Theory News Higgs 28 / 36

CMS
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STATE OF THEORY ( today ) 

ABH  (Era After the Higgs): 

One theoretical argument  for new physics at the LHC and rare decays 

1.  Unitarity argument set a scale in the TeV region: 

   Higgs, or      

   New strong dynamics, or 

   SUSY particles begin to appear. 

2. Naturalness:  

  Composite Higgs -> scale of new dynamics raised moderately 

 SUSY:  ❌  MSSM -> More elaborate models - higher gluino masses - some 
fine tuning 

 New ideas bubbling about conformal theories 
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✔ mH = 125 GeV
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• The observed Higgs mass combined with the failure (to date) to find 
SUSY partners suggests that the SUSY scale postponed and there is 
fine tuning (~ 1%)   (Murayama’s Talk)

7
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Figure 3: Next-to-leading order prediction for the Higgs mass mh in High-Scale Supersymmetry

(blue, lower) and Split Supersymmetry (red, upper) for tan � = {1, 2, 4, 50}. The thickness of

the lower boundary at tan � = 1 and of the upper boundary at tan � = 50 shows the uncertainty

due to the present 1� error on ↵3 (black band) and on the top mass (larger colored band).

type-I see-saw and fix the largest right-handed neutrino Yukawa coupling to its “minimal”

value, g⌫ =
p
matmM/v, where M is the right-handed neutrino mass and matm ⇡ 0.06 eV is

the light neutrino mass renormalized at M . Taking into account its RGE e↵ects at two loops,

we find that, for m̃ > M , the predicted Higgs mass in High-Scale Supersymmetry increases as

shown in fig. 4. The e↵ect is roughly equivalent to the following correction to the high-energy

matching condition:

��(m̃) ' Mm⌫

4⇡2v2
ln

m̃

M
for m̃ > M (29)

which is irrelevant if M <⇠ 1014 GeV.

5.1 Implications of present Higgs searches at the LHC

Recent data from ATLAS and CMS provide a 99% CL upper bound on the SM Higgs mass of 128

GeV and a hint in favor of a Higgs mass in the 124�126GeV range [19]. The main implications

for the scale of supersymmetry breaking can be read from fig. 3 and are more precisely studied

in fig. 5, where we perform a fit taking into account the experimental uncertainties on the top

mass and the strong coupling.

The scale of Split Supersymmetry is constrained to be below a few 108 GeV. This implies

12

Giudice, Strumia, 1108:6077

scalar top mass ≥ 10 TeV preferred

DIS 2016, Hamburg / 12 April 2016 / Geert-Jan Besjes 
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MSUGRA/CMSSM 0-3 e, µ /1-2 τ 2-10 jets/3 b Yes 20.3 m(q̃)=m(g̃) 1507.055251.85 TeVq̃, g̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 3.2 m(χ̃

0
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0
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0
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0
1
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±
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0
1
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0
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1)+m(g̃)) ATLAS-CONF-2015-0761.6 TeVg̃
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0
1
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0
1) =100 GeV 1602.061941.4 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 20.3 tanβ >20 1407.06031.63 TeVg̃
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1)=0 GeV 1506.08616320-620 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1

2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV 1403.529490-335 GeVℓ̃

χ̃+
1
χ̃−
1 , χ̃

+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1403.5294140-475 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→τ̃ν(τν̃) 2 τ - Yes 20.3 m(χ̃
0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1407.0350355 GeVχ̃±

1

χ̃±
1
χ̃0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1402.7029715 GeVχ̃±

1 ,
χ̃0
2

χ̃±
1
χ̃0
2→Wχ̃

0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1403.5294, 1402.7029425 GeVχ̃±

1 ,
χ̃0
2

χ̃±
1
χ̃0
2→Wχ̃

0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1501.07110270 GeVχ̃±

1 ,
χ̃0
2

χ̃0
2
χ̃0
3, χ̃

0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086635 GeVχ̃0

2,3

GGM (wino NLSP) weak prod. 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493115-370 GeVW̃

Direct χ̃
+

1
χ̃−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns 1310.3675270 GeVχ̃±

1

Direct χ̃
+

1
χ̃−
1 prod., long-lived χ̃

±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332495 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584850 GeVg̃

Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃
0
1)=100 GeV, τ>10 ns To appear1.54 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795537 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 1<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542440 GeVχ̃0

1

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
1)< 740 mm, m(g̃)=1.3 TeV 1504.051621.0 TeVχ̃0

1

GGM g̃g̃, χ̃
0
1→ZG̃ displ. vtx + jets - - 20.3 6 <cτ(χ̃

0
1)< 480 mm, m(g̃)=1.1 TeV 1504.051621.0 TeVχ̃0

1

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 20.3 λ′311=0.11, λ132/133/233=0.07 1503.044301.7 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.45 TeVq̃, g̃

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→eeν̃µ, eµν̃e 4 e, µ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ121!0 1405.5086760 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→ττν̃e, eτν̃τ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086450 GeVχ̃±

1

g̃g̃, g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% 1502.05686917 GeVg̃

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 6-7 jets - 20.3 m(χ̃

0
1)=600 GeV 1502.05686980 GeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 20.3 1404.2500880 GeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 20.3 1601.07453320 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 20.3 BR(t̃1→be/µ)>20% ATLAS-CONF-2015-0150.4-1.0 TeVt̃1

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325510 GeVc̃

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: March 2016

ATLAS Preliminary
√
s = 7, 8, 13 TeV

*Only a selection of the available mass limits on new
states or phenomena is shown.

20
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• Standard Model completed with the discover of the Higgs 

• Except: (1) Neutrino masses, mixing and CP violation -> new degrees of freedom 
or new interactions, (2) What is dark matter?,  (3) How to explain observed 
baryon asymmetry, and  (4) What is dark energy? 

• We know of no nearby new physics scale.  Only GUT, Planck, and seesaw [M(νR)] scales. 

• Discoveries of BSM physics at the LHC would guide the search for non SM effects in 
rare decays and help to distinguish among BSM models. 

• But even if no new particles are found at the LHC there is still power to probe high scale 
physics in rare decays.

8

Estia Eichten                                                                                                                                                              Fermilab                     

Three frontiers of research in particle physics form 
an interlocking framework that addresses 
fundamental questions about the laws of nature  
and the cosmos.

Power of Expedition

U
ni

fie
d

T
he

or
ie

s
10181016101410121010108106104102

experimental reach [GeV]
(with significant simplifying assumptions)

LHC
dark matter

quark flavor
lepton flavor

neutrino
proton deay

EDM

courtesy: Zoltan Ligeti
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le plat principal 
B physics



Beauty 2016                                                                                                                                                          6 May 2016                     

• Extraordinary improvements in understanding of the quark flavor physics.  (The CKM 
matrix; production and decays of states with heavy quarks; the pattern of Higgs decays) 

• Experimental results continue to sharpen the picture.                                               
Theoretical efforts need to keep pace.

10
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FIG. 1. The past (2003, top left) and present (top right) status of the unitarity triangle in the presence of NP in neutral-meson
mixing. The lower plots show future sensitivities for Stage I and Stage II described in the text, assuming data consistent with
the SM. The combination of all constraints in Table I yields the red-hatched regions, yellow regions, and dashed red contours
at 68.3%CL, 95.5%CL, and 99.7%CL, respectively.

tal and theoretical sides. Our Stage I projection refers
to a time around or soon after the end of LHCb Phase I,
corresponding to an anticipated 7 fb−1 LHCb data and
5 ab−1 Belle II data, towards the end of this decade. The
Stage II projection assumes 50 fb−1 LHCb and 50 ab−1

Belle II data, and probably corresponds to the middle
of the 2020s, at the earliest. Estimates of future experi-
mental uncertainties are taken from Refs. [17, 18, 21, 22].
(Note that we display the units as given in the LHCb and
Belle II projections, even if it makes some comparisons
less straightforward; e.g., the uncertainties of both β and
βs will be ∼ 0.2◦ by Stage II.) For the entries in Ta-
ble I where two uncertainties are given, the first one is
statistical (treated as Gaussian) and the second one is

systematic (treated through the Rfit model [8]). Consid-
ering the difficulty to ascertain the breakdown between
statistical and systematic uncertainties in lattice QCD
inputs for the future projections, for simplicity, we treat
all such future uncertainties as Gaussian.

The fits include the constraints from the measurements
of Ad,s

SL [10, 11], but not their linear combination [23],
nor from ∆Γs, whose effects on the future constraints
on NP studied in this paper are small. While ∆Γs is in
agreement with the CKM fit [10], there are tensions for
ASL [23]. The large values of hs allowed until recently,
corresponding to (M s

12)NP ∼ −2(M s
12)SM, are excluded

by the LHCb measurement of the sign of∆Γs [24]. We do
not consider K mixing for the fits shown in this Section,

50 ab-1 Belle2 
50 fb-1 LHCb

EPS 2015

2

2003 2013 Stage I Stage II

|Vud| 0.9738 ± 0.0004 0.97425 ± 0 ± 0.00022 id id

|Vus| (Kℓ3) 0.2228 ± 0.0039 ± 0.0018 0.2258 ± 0.0008 ± 0.0012 0.22494 ± 0.0006 id

|ϵK | (2.282 ± 0.017) × 10−3 (2.228 ± 0.011) × 10−3 id id

∆md [ps−1] 0.502 ± 0.006 0.507 ± 0.004 id id

∆ms [ps−1] > 14.5 [95% CL] 17.768 ± 0.024 id id

|Vcb| × 103 (b → cℓν̄) 41.6 ± 0.58 ± 0.8 41.15 ± 0.33 ± 0.59 42.3 ± 0.4 [17] 42.3 ± 0.3 [17]

|Vub| × 103 (b → uℓν̄) 3.90 ± 0.08 ± 0.68 3.75 ± 0.14 ± 0.26 3.56 ± 0.10 [17] 3.56 ± 0.08 [17]

sin 2β 0.726 ± 0.037 0.679 ± 0.020 0.679 ± 0.016 [17] 0.679 ± 0.008 [17]

α (mod π) — (85.4+4.0
−3.8

)◦ (91.5 ± 2)◦ [17] (91.5 ± 1)◦ [17]

γ (mod π) — (68.0+8.0
−8.5

)◦ (67.1 ± 4)◦ [17, 18] (67.1 ± 1)◦ [17, 18]

βs — 0.0065+0.0450
−0.0415

0.0178 ± 0.012 [18] 0.0178 ± 0.004 [18]

B(B → τν) × 104 — 1.15 ± 0.23 0.83 ± 0.10 [17] 0.83 ± 0.05 [17]

B(B → µν) × 107 — — 3.7 ± 0.9 [17] 3.7 ± 0.2 [17]

Ad
SL × 104 10 ± 140 23 ± 26 −7 ± 15 [17] −7 ± 10 [17]

As
SL × 104 — −22 ± 52 0.3 ± 6.0 [18] 0.3 ± 2.0 [18]

m̄c 1.2 ± 0 ± 0.2 1.286 ± 0.013 ± 0.040 1.286 ± 0.020 1.286 ± 0.010

m̄t 167.0 ± 5.0 165.8 ± 0.54 ± 0.72 id id

αs(mZ) 0.1172 ± 0 ± 0.0020 0.1184 ± 0 ± 0.0007 id id

BK 0.86 ± 0.06 ± 0.14 0.7615 ± 0.0026 ± 0.0137 0.774 ± 0.007 [19, 20] 0.774 ± 0.004 [19, 20]

fBs [GeV] 0.217 ± 0.012 ± 0.011 0.2256 ± 0.0012 ± 0.0054 0.232 ± 0.002 [19, 20] 0.232 ± 0.001 [19, 20]

BBs 1.37 ± 0.14 1.326 ± 0.016 ± 0.040 1.214 ± 0.060 [19, 20] 1.214 ± 0.010 [19, 20]

fBs/fBd
1.21 ± 0.05 ± 0.01 1.198 ± 0.008 ± 0.025 1.205 ± 0.010 [19, 20] 1.205 ± 0.005 [19, 20]

BBs/BBd
1.00 ± 0.02 1.036 ± 0.013 ± 0.023 1.055 ± 0.010 [19, 20] 1.055 ± 0.005 [19, 20]

B̃Bs/B̃Bd
— 1.01 ± 0 ± 0.03 1.03 ± 0.02 id

B̃Bs — 0.91 ± 0.03 ± 0.12 0.87 ± 0.06 id

TABLE I. Central values and uncertainties used in our analysis (see definitions in Ref. [10]). The entries “id” refer to the
value in the same row in the previous column. The 2003 and 2013 values correspond to Lepton-Photon 2003 and FPCP 2013
conferences [4]. The assumptions entering the Stage I and Stage II estimates are described in the text.

qiq̄j flavor quantum numbers due to the operator

C2
ij

Λ2
(q̄i,Lγ

µqj,L)
2 , (2)

one finds that

h ≃ 1.5
|Cij |2

|λt
ij |

2

(4π)2

GFΛ2
≃

|Cij |2

|λt
ij |

2

(

4.5TeV

Λ

)2

,

σ = arg
(

Cij λ
t∗
ij

)

, (3)

where λt
ij = V ∗

ti Vtj and V is the CKM matrix. We used
NLO expressions for the SM and LO for NP, and ne-
glected running for NP above the top mass. Operators
of different chiralities have conversion factors differing by
O(1) factors [6]. Minimal flavor violation (MFV), where
the NP contributions are aligned with the SM ones, cor-
respond to σ = 0 (mod π/2).
Analogously, in K mixing, we choose to parameterize

NP via an additive term to the so-called tt contribution
to MK

12 in the SM. This is justified by the short distance
nature of NP, by the fact that in many NP models the
largest contribution to MK

12 arise mostly via effects in-
volving the third generation (“23–31” mixing), and more
practically, since this allows one to maintain a consistent
normalization for NP across the three down-type neu-
tral meson systems. In this paper, D-meson mixing is
not considered, due to the large uncertainties related to
long-distance contributions.

Comments are in order concerning our assumption of
neglecting NP in charged current b → u, c transitions. If
a NP contamination is present and has a different chiral
structure than the SM, it will manifest itself by modify-
ing decay distributions, such as the lepton spectrum in
semileptonic B decays. On the contrary, if NP has the
same chiral structure as the SM, it cannot be physically
separated in the determination of ρ̄ and η̄. In such a case,
the extracted values of these parameters will not corre-
spond to their SM values. This discrepancy will propa-
gate to the NP fit, and will manifest itself as a nonzero
value for hd,s [7], with a specific pattern for hd,s and σd,s.

III. GENERIC FIT FOR Bd AND Bs MIXINGS

Table I shows all inputs and their uncertainties used in
our fit, performed using the CKMfitter package [4, 8, 9]
with its extension to NP in ∆F = 2 [10] (for other stud-
ies of such NP, see Refs. [5, 11–16]). We use standard
SM notation for the inputs, even for quantities affected
by NP in ∆F = 2 whose measurements should be rein-
terpreted to include NP contributions (e.g. α, β, βs).
We consider 2003 (before the first measurements of α
and γ) and 2013 (as of the FPCP 2013 conference), and
two future epochs, keeping in mind that any estimate of
future progress involves uncertainties on both experimen-

2003 2013

Stage 2

Stage 2
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• Puzzle of inclusive versus exclusive measures of CKM?

11
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35 36 37 38 39 40 41 42 43 44 45

103|Vcb|

3.0

3.5

4.0

4.5

10
3 |V

ub
|

© 2015 Andreas Kronfeld, Fermi National Accelerator Laboratory

|Vub|/|Vcb| (latQCD + LHCb)
|Vub| (latQCD + BaBar + Belle)
|Vcb| (latQCD + BaBar + Belle)
|Vcb| (latQCD + HFAG, w = 1)
p = 0.27
∆χ

2 = 1
∆χ

2 = 2
inclusive |Vxb|

Γ(Λb → plν)/Γ(Λb → Λclν)  

B →πl𝜈 
B → Dlν  
B → D*lν 

C. DeTar [arXiv:1511.06884] 
Updated A. Kronfeld 

• |Vub/Vcb| directly constrains the 
unitarity triangle 

• εK -> x|Vcb|4 + …    
• FCNC -> |VtbVts|2 = |Vcb|2 (1+  O(λ2))
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• Exclusive |Vcb| determinations: 
– Sensitive to LQCD calculations and experimental extrapolation to zero 

recoil.  
•  Lattice D* and D results differ. Updates to the D* results might improve 

this.  Particularly fitting to finite recoil as was recently done in the D case. 

• Different systematics in the baryon decays [Detmold, Lehner, & Meinel].  
Agreement 

• The extraction of |Vub| from inclusive decays have more theoretical 
challenges. 
– Has to be extracted in limited phase space range.  

• At and beyond endpoint of b->c decays. 

• Higher order contributions 

• Sensitivity to non perturbative contributions 

• Shape factors need to be determined 

• Remaining issues are likely mostly in the extraction of the |Vub| 
inclusive results. 

12
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preliminary

Paolo Gambino
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y.skovpen, eps-ph 2015

NEW preliminary Babar endpoint analysis 
High sensitivity of  the BR on the shape of  the signal  

in the endpoint region.     GGOU:                                                    |Vub| = 4.03+0.20
�0.22 ⇥ 10�3



Summary
• Improvements of  OPE approach to s.l. decays continue. O(αsΛ2/mb2) 
effects implemented. No sign of  inconsistency in this approach so 
far, competitive mb determination.  

• Exclusive/incl. tension in Vcb remains (3σ, 8%) only in the D* channel. 
The D channel is becoming competitive and is compatible 
with both. The remaining tension calls for new lattice analyses and 
new data (ongoing Belle analysis, Belle-II) 

• Exclusive/incl tension in Vub  appears receding because of  new FNAL/
MILC and HPQCD results and of  preliminary Babar results. 

•  New physics explanations less constrained for Vub  than for Vcb., but right 
handed current disfavoured. RH currents don’t help. 

• Belle-II will improve precision and allow for consistency checks of  our 
methods, especially for inclusive Vub. LHCb potential (for exclusives) 
greater than expected.

Paolo Gambino



Combining All Approaches
• Lattice QCD provides essential non-perturbative information for the 

comparison of theory with experiment.   

• Ruth Van de Water’s talk 

• In the past year new results on B -> D, B -> π form factors and B(d,s) 

significantly improved precision. 

• Tensions remain 
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Experiment

Lattice QCD Theoretical Tools

⇔

⇔

⇔

R. Van de Water Lattice QCD for B-meson physics

B→Dlν form factors @ nonzero recoil (2015)

12

Comparing theory & experiment at 
w=1 ➜ large experimental errors in
|Vcb| because decay rate suppressed

First three-flavor form-factor results 
over full kinematic range [Fermilab/
MILC, PRD92, 034506 (2015); HPQCD, 
PRD92, 054510 (2015)]

Independent calculations agree
Shapes consistent with experiment

Joint lattice + experiment fit using 
w>1 data reduces error on |Vcb|

ℓ
+

νℓ

W+

D
(∗)−

cb

B0

dd

(w ≡ vB·vD)
Combination with 

experimental rate enables 
|Vcb| determination

~1.4%
lattice 
error

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
z

0.6

0.8

1

1.2

1.41 1.1591.1 1.2 1.3 1.4 1.5
w

f+

 f0

HPQCD 2015
FNAL/MILC 2015
BaBar 2009

~~1.4%~ 
lattice 
error
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Enrico Lunghi 
• In addition to Lattice QCD there are a wealth of theoretical tools  

– HQET/SCETII, LCSR, pQCD, OPE 

– Applying these methods to semileptonic B decays — distinct regions of 
applicability 

Enrico Lunghi

q2

J/ψ

ψ’

ψcc

B ! X cc̄ ! X``

13

Typical spectrum :

B ! (⇡,K,K⇤)``

photon pole  
(K* and Xs)

low-q2 high-q2

SCET (1/EK): 
LCDA (π,K,K*)  
Form Factors 

OPE (1/q2): 
!
Form Factors

LCSR: low-q2 
LQCD: high-q2

+ z-parametrization

{
Disadvantages at low-q2:

non-local power corrections!
need more inputs (LCDA)!
LQCD form factors need to 
be extrapolated from high-q2

Disadvantages at high-q2:
need to integrate over 
several broad charmonium 
resonances

Disadvantages of K* (vs K)
larger power corrections!
K*→Kπ decay (S vs P wave)!
status of LQCD form factors

Advantages of K* (vs K)

K*→Kπ decay (angular 
observables)

                           : general considerations



Beauty 2016                                                                                                                                                          6 May 2016                     

• Analytic structure in the q2 plane 

• We will return to this shortly.

18
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Enrico Lunghi 18

Analytic structure of the q2 plane:

B ! (⇡,K,K⇤)``                           : on charmonium and the high-q2 OPE

4m2
` (mB �mK)2m2

 m2
 0 m2

 cc̄

low-q2 high-q2

branch cut

q2

OPESCET
quark hadron duality

hK(⇤)|TJµ(x)O1,2(y)|Bi ⇠ h(q2) f+(q
2)

y

x
highly non-local

Need to integrate over a large enough q2 range

Diagrammatically:
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• Many B decay measurements - Some hints of deviations {(3 ± 1) σ} from the 
standard model:

19
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B -> K(*) µ+ µ- angular distributions

Bs -> ϕ µ+ µ- RK =
BR(B ! K µ+ µ�)

BR(B ! K e+ e�)

RD(⇤) =
BR(B ! D(⇤) ⌧ ⌫⌧ )

BR(B ! D(⇤) l ⌫l)

B(d,s) ! µ+µ�
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• On the horns of a dilemma - 3σ deviations from the SM

20
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BSM detectives SM magistrats  

Engrenages  -  Will these clues lead to the unwinding of the Standard Model?  

HQET/SCET
Lattice QCD

OPE
Pert QCD

SCET
Sum Rules

…

SUSY
Leptoquarks

Extended Higgs Sector
Little Higgs Models

Z’
331 models

…
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• Clean theoretically:  

•  BR(Bs->µµ) = (3.65 + 0.23)x10-9 

    BR(Bd->µµ) = (1.06 + 0.09) x10-10  

• With new Atlas results some tension with SM in Bs 
• Await more data. 

– LHCb with 50 fb-1     

• BR(Bs->µµ) to 5% 

• BR(Bd->µµ)/BR(Bs->µµ) to 35%

21
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03/05/2016 Beauty 2016, Marseille

23BRs in the world… now…

Nature 522, 68–72

Unconstrained maximum likelihood

[hep-ex] 1604.04263

BEAUTY 2-6/5/2016 G.Simi 4

Leptonic decays projected sensitivity

● Theoretical precision can reach 3% 
with improved LQCD

● In addition the study the effective 
lifetime provides an independent 
probe for NP 
[PhysRevLett.109.041801] 

● A 5% precision can be obtained on 
both the BR(Bs → μ+μ– ) and the 

effective lifetime with 50 fb-1 of 
integrated luminosity matching the 
theoretical prediction

● The ratio of branching fractions 

BR(Bd → μ+μ– )/BR(Bs → μ+μ– ) has 

an even more precise prediction

● A 35% precision can be obtained on 
BR(Bd → μ+μ– )/BR(Bs → μ+μ– ) 

– Needs much more data
P

h
y
s
R

e
v
L

e
tt.1

0
9

.0
4

1
8

0
1

Illustration of allowed regions for scenarios 
with scalar or nonscalar NP contributions.

8 fb-1

50 fb-1
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• Mixing and CP violation

22
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B0–B0 mixing phase �d

Golden Mode: B0 → J� K 0
S

�e↵
d,J� K0 = [42.2 ± 1.5]○
�SM
d = [48.6 ± 2.6]○

B0
s –B

0
s mixing phase �s

0.4 0.2 0.0 0.2 0.4

0.06

0.08

0.10

0.12

0.14

LHCb

ATLAS 19.2 fb 1

CMS
20 fb 1

CDF 9.6 fb 1

DØ 8 fb 1

SM

68% CL contours
( )

Combined

3 fb 1

Golden Mode: B0
s → J� �

�e↵
s = −0.034 ± 0.033 = [−1.9 ± 1.9]○

�SM
s = −0.03761+0.00073−0.00082 = [−2.155+0.042−0.047]○

[HFAG] & [CKMFitter]� Zooming in on the Standard Model value



• Need a strategy to systematically improve the 
theoretical calculations of penguins contributions to     
𝜙d and 𝜙s 

• Strategy to control penguins :  

– Δ𝜙q  small so need accurate method to determine them.   

– Strategies to get these corrections directly from         
data using SU(3) flavor symmetry.   
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Setting the Stage Framework B0 → J� K0
S B0

s → J� � B → DD

The B → DD Decays

Tree Topology

B0
d(s)

D+
d(s)

D�
d(s)

b

d(s) d(s)

c

d(s)

cW

Tree (T)

Penguin Topology

B0
d(s)

D+
d(s)

D�
d(s)

u, c, t
W

g

b

d(s)

d(s)

d(s)

c

c

Penguin (P)

Exchange Topology

B0
d(s)

D�
d(s)

D+
d(s)

W

b

d(s)

c

c

d(s)

d(s)

Exchange (E)

Penguin-
Annihilation

B0
d(s)

D�
d(s)

D+
d(s)

W

b

d(s)

c

c

d(s)

d(s)u
,c

,t

Colour Singlet

Exchange

Penguin Annihilation (PA)

Amplitude:

A(B0
s → D−s D+s ) = �1 − 1

2
�2�A′ �1 + ✏a′e i✓′e i�� , ✏ ≡ �2

1 − �2
≈ 0.053

� Used to measure �e↵
s

� Penguin contributions are doubly Cabibbo-suppressed

� The contributions from exchange and penguin-annihilation topologies are not
completely negligible

� Partner mode: B0 → D−d D+d
A(B0 → D−d D+d ) = −�A �1 − a e i✓e i��
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Setting the Stage Framework B0 → J� K0
S B0

s → J� � B → DD

Golden Mode B0
s → J� �

Tree Topology

Bq

J/ 

X

W

b

q

q

c

c

q0

Penguin Topology

Bq

J/ 

XW

b

q q

q0

c

c

u, c, t

Colour Singlet
Exchange

Exchange Topology

B0
q J/ 

X

W

b

q c

c

q0

q0Colour Singlet
Exchange

Penguin-
Annihilation

B0
q

J/ 

X

W

b

q

q0

q0

c

c

u
,c

,t Colour Singlet
Exchange

Amplitude:

A(B0
s → J� �) = �1 − 1

2
�2�A′f �1 + ✏a′f e i✓′f e i�� , ✏ ≡ �2

1 − �2
≈ 0.053

� Used to measure �e↵
s,f

� Amplitudes are polarisation dependent: f ∈ {0,∥,⊥}
� Will ignore Exchange and Penguin-Annihilation contributions

� Penguin contributions are doubly Cabibbo-suppressed

� Di↵erences in hadronisation dynamics: ��s can be polarisation dependent
(but so far no indication of that in the data)
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Setting the Stage Framework B0 → J� K0
S B0

s → J� � B → DD

Penguin Shifts

Subleading E↵ects:

� Experimentally measure an e↵ective mixing phase

Amix

CP (B0
q → f )�

1 − �Adir

CP (B0
q → f )�2 = sin ��e↵

q � = sin ��SM
q + �NP

q +��q�
� ��q = O(1○) is a shift due to contributions from penguin topologies

� Controlling these higher order hadronic e↵ects is mandatory!
. . . especially if we want to disentangle them from �NP

q .

Calculating Hadronic E↵ects:

� Non-perturbative, long-distance QCD contributions make it di�cult to reliably
calculated the shift.
(but has been tried, see for example [P. Frings, U. Nierste, M. Wiebusch, arxiv:1503.00859 [hep-ph]])

� Instead, rely on a data-driven method

� Based on SU(3) flavour symmetry

Kristof De Bruyn (CPPM) Controlling Penguins E↵ects Beauty (02-05-2016) 8 / 39

Setting the Stage Framework B0 → J� K0
S B0

s → J� � B → DD

Example: B0 → J� K 0
S

Golden Mode B0 → J� K 0
S :

A(B0 → J� K 0
S) = �1 − 1

2
�2�A′ �1 + ✏a′e i✓′e i�� , ✏ ≡ �2

1 − �2
≈ 0.053

� Used to measure �e↵
d

� Penguin contributions are doubly Cabibbo-suppressed

The Little Brother B0
s → J� K 0

S :

A(B0
s → J� K 0

S) = −�A �1 − ae i✓e i��
� No suppression of penguin contribution: Decay is sensitive to a and ✓

� Can be used to control ��d

Symmetry Relation:

� Decays are related via U-spin symmetry: interchange all s ↔ d quarks

� 1-to-1 correspondance between all decay topologies

a′ = a & ✓′ = ✓
Kristof De Bruyn (CPPM) Controlling Penguins E↵ects Beauty (02-05-2016) 10 / 39

Setting the Stage Framework B0 → J� K0
S B0

s → J� � B → DD

Introducing Trees & Penguins

Tree Topology

Bq

J/ 

X

W

b

q

q

c

c

q0

Penguin Topology

Bq

J/ 

XW

b

q q

q0

c

c

u, c, t

Colour Singlet
Exchange

Decay Amplitude:

A(B0
q → f ) = Nf �1 − bf e i⇢f e+i�� (1)

A(B0
q → f ) = ⌘fNf �1 − bf e i⇢f e−i�� (2)

� Nf : overall normalisation, represents the tree topology,

� bf : the relative contribution from the penguin topologies,

� ⇢f : the associated strong phase di↵erence,

� �: UT angle and the associated relative weak phase di↵erence.
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Setting the Stage Framework B0 → J� K0
S B0

s → J� � B → DD

Prospects for �d

We will be able to control the penguin e↵ects!

35

40

45

50

55

�
e
� d,
J
/ 

K
0

S

[D
eg

]

Current Future

BaBar

Belle

LHCb

Belle II

LHCb
Upgrade

��d

2
.6

�

2
.1

�

3
.4

�

0
.8

�

0.
4�

0.
3�

Sources :

BaBar � arXiv : 0902.1708
Belle � arXiv : 1201.4643
LHCb � arXiv : 1503.07089
Belle II � Talk at Krakow

LHCb Upgrade � arXiv : 1208.3355
��d � arXiv : 1412.6834
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Kristof De Bruyn

K. De Bruyn and R. Fleischer JHEP 1503 (2015) 145 



• Bs -> J/ψ 𝜙  

• Bs -> Ds+ Ds-
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Setting the Stage Framework B0 → J� K0
S B0

s → J� � B → DD

Scenarios for the Upgrade Era: Examples

Favourable Strategy:

�1.0 �0.8 �0.6 �0.4 �0.2 0.0 0.2 0.4 0.6 0.8 1.0

Re[a]

�1.0

�0.8

�0.6

�0.4

�0.2

0.0

0.2

0.4

0.6

0.8

1.0

Im
[a

]

Adir

CP

(Bd ! D�
d D+

d )

Amix

CP

(Bd ! D�
d D+

d )

H(Bq ! D�
q D+

q )

a = 0.150+0.032

�0.029

✓ = (260.0+25.8
�21.8)

�

��D�
s D+

s
s = �(0.15+0.34

�0.40

)�

39 % C.L.
68 % C.L.
90 % C.L.

Scenario 1

Fit excluding H

� The use of the H observable can
be avoided

Less Favourable Strategy:

�1.0 �0.8 �0.6 �0.4 �0.2 0.0 0.2 0.4 0.6 0.8 1.0

Re[a]

�1.0

�0.8

�0.6

�0.4

�0.2

0.0

0.2

0.4

0.6

0.8

1.0

Im
[a

]

Adir

CP

(Bd ! D�
d D+

d )

Amix

CP

(Bd ! D�
d D+

d )

H(Bq ! D�
q D+

q )

a = 0.340+0.106

�0.087

✓ = (216.0+14.0
�11.5)

�

��D�
s D+

s
s = �(1.62+0.62

�0.75)
�

39 % C.L.
68 % C.L.
90 % C.L.

Scenario 5

Fit including H

� The use of the H observable is
necessary to determine a and ✓
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Setting the Stage Framework B0 → J� K0
S B0

s → J� � B → DD

Determination of the H observable: A New Strategy

d�(B0

d ! D�
d `+⌫`)/dq2

B(Bd ! D�
d D+

d )

d�(B0

s ! D�
s `+⌫`)/dq2

B(Bs ! D�
s D+

s )

RDd RDs , a
NF

H

Alternative Calculation:

H = �Vcs

Vcd
�2 �RDd

RDs

� � fDs

fDd

�2 �XDs

XDd

� �����������a
(s)
NF

a(d)
NF

�����������
2

(18)

� Avoid factorisable SU(3) symmetry breaking

� Does not depend on fs�fd
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Setting the Stage Framework B0 → J� K0
S B0

s → J� � B → DD

Polarisation-Dependent Fit

Longitudinal

�180 �150 �120 �90 �60 �30 0 30 60 90 120 150 180

✓0 [deg]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

a 0 LHCb

C0(B0 ! J/ ⇢0)

S0(B0 ! J/ ⇢0)

ACP
0 (B0

s ! J/ K
⇤0

)

H0(B0 ! J/ ⇢0)

H0(B0
s ! J/ K

⇤0
)

a0 = 0.01+0.10
�0.01

✓0 = �(83+97
�263)

�

39 % C.L.
68 % C.L.
90 % C.L.

Parallel

�180 �150 �120 �90 �60 �30 0 30 60 90 120 150 180

✓� [deg]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

a � LHCb

C�(B
0 ! J/ ⇢0)

S�(B
0 ! J/ ⇢0)

ACP
� (B0

s ! J/ K
⇤0

)

H�(B
0 ! J/ ⇢0)

H�(B
0
s ! J/ K

⇤0
)

a� = 0.07+0.11
�0.05

✓� = �(85+72
�63)

�

39 % C.L.
68 % C.L.
90 % C.L.

Perpendicular

�180 �150 �120 �90 �60 �30 0 30 60 90 120 150 180

✓� [deg]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

a � LHCb

C�(B0 ! J/ ⇢0)

S�(B0 ! J/ ⇢0)

ACP
� (B0

s ! J/ K
⇤0

)

H�(B0 ! J/ ⇢0)

H�(B0
s ! J/ K

⇤0
)

a� = 0.04+0.12
�0.04

✓� = (38+142
�218)

�

39 % C.L.
68 % C.L.
90 % C.L.

Results from �2 fit:

a0 = 0.01+0.10−0.01 , ✓0 = − �82+98−262�○ , ��(J� �)0s = − �0.000+0.011−0.009 (stat.)+0.009−0.004 (SU(3))�○
a∥ = 0.07+0.11−0.05 , ✓∥ = − �85+71−63�○ , ��

(J� �)∥
s = �0.001+0.014−0.010 (stat.) ± 0.008 (SU(3))�○

a⊥ = 0.04+0.12−0.04 , ✓⊥ = �38+142−218�○ , ��(J� �)⊥s = �0.003+0.014−0.010 (stat.) ± 0.008 (SU(3))�○
[LHCb, arxiv:1509.00400 [hep-ex]]

We can control the penguin e↵ects!
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Setting the Stage Framework B0 → J� K0
S B0

s → J� � B → DD

B0
q → J� V Fit Strategy

Adir
CP,f (Bd ! J/ ⇢0)

Amix
CP,f (Bd ! J/ ⇢0)

Adir
CP,f (Bs ! J/ �)

Amix
CP,f (Bs ! J/ �)

B(Bd ! J/ ⇢0) B(Bs ! J/ K⇤0) Adir
CP,f (Bs ! J/ K⇤0)

QCD Calculations

af , ✓f

|A0
f/Af | |A0

f/Ãf |

�s

New Link

��
(J/ �)f
s

Minimal Fit

Test

Extended Fit

Old Input
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• Jarlskog invariant 

– Can determine from CP conserving 
observables. Special feature of the   
three generation standard model. 

• Accuracy of predictions of CP 
asymmetries in quark sector depends on 
the possibility to get rid of hadronic 
effects or compute them.

25
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 Jerome Charles
The Jarlskog invariant is precisely known from global analyses:

J

26 28 30 32 34 36 38 40

-6
10×

p
-v

a
lu

e

0.0

0.2

0.4

0.6

0.8

1.0

EPS 15

CKM
f i t t e r

w/o CP asymmetries

all inputs

 

The possibility to predict J from CP conserving observables only is a
peculiar feature of the SM, related to the three generation KM mechanism.

JC (CPT, Marseille) 5 May 2016 4 / 29

The Jarlskog invariant

In the SM, CP violation is driven by the Jarlskog invariant
Jarlskog ‘85

Im
�
VijVklV

⇤
il V

⇤
kj

�
= J

3X

m,n=1

"ikm"jln

J = c
12

c
23

c2
13

s
12

s
23

s
13

sin �

where we see that three generation mixing ((12), (23), (13)) and
CP-violating phase (�) are necessary ingredients for CP violation.

JC (CPT, Marseille) 5 May 2016 3 / 29

Testing models through CP violation

The accuracy of predictions of CP asymmetries in the quark sector depend
on the possibility to get rid of hadronic e↵ects, or to compute them

Theoretical cleanliness

*** � exact at LO of weak int.
*** ASL,(d,s) [if null test] SM pred. vanishingly small
** ↵, �, �s penguins may show up
* "K , ASL,(d,s) [if finite value] non trivial had. input
*/? "0/", rare B , D system, direct CP . . . requires further progress

JC (CPT, Marseille) 5 May 2016 5 / 29
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HFAG fit:4σ disagreement with SM

• RD and RD* 

– Depends on form factor shape. 
Dependence on CKM and mb 
cancels.  

– Lattice QCD computes this form 
factor shape.

26
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Exclusive Semileptonic Decays

RD(⇤) =
BR(B ! D(⇤) ⌧ ⌫⌧ )

BR(B ! D(⇤) l ⌫l)

Belle arXiv:1603.06711 
R(D*)=0.302±0.030(stat)±0.011(syst) 
     within 1.6σ of SM

New

HPQCD [arXiv:1505.03925] 
R(D)=0.300 (8) LQCD

03. 05 2016 14/19

Semi-leptonic and missing energy decaysSemi-leptonic and missing energy decays

Semi-leptonic and missing energy decays

Outlook

Related analyses possible at Belle and BaBar

- B → Xτν: only LEP results, crosscheck to B → D(*)τν! 

- B → D**lν: only partial data sets used for D**→D(*)π 

- B → D**τν: evidence for B → D*πτν?  

Measurements of R(D), R(D*) at Belle II

- improved tracking

- improved PID

- large data set ~50ab-1 

Forecast by F. Bernlochner
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•  b -> s transitions

27
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6

good which is measured by the low �2 (9). It is conceivable that with more data the inclusion of these states would improve the
fit.4 Another possible future improvement would be to extend the Breit-Wigner model into a K-matrix formalism.

B. Assembling Rc(s) and the vacuum polarisation

The function Rc(s) which we fitted in the interval (6) has to be completed below and above the fit-interbal in order to obtain
Re[hc] through (3). Fortunately this is no problem e.g. [9]. Below the interval Rc is well-approximated by a Breit-Wigner ansatz

Rnarrow(s) = � 9

↵2

Im

h X

r2{J/ , (2S)}

mr�
r!`+`�

s � m2

r + imr�r

i
, (10)

without interference effects since the J/ and  (2S) are narrow and sufficiently far apart from each other. It is noted that (10)
relates to (5) through the optical theorem Im[T ] = TT † when f = `` and �r ! 0. Above the fit-interval perturbative QCD
provides an excellent approximation. Schwinger’s O(↵s)-interpolation result [10], for s > 4m2

c , reads

Im[hc](s) = Im[h(0)

c ](s) + ↵sIm[h(1)

c ](s) =

2⇡

9

(3 � v(s)2)|v(s)|
⇣
1 +

4

3

↵s

� ⇡

2v(s)
�
✓

3

4

+

v(s)

4

◆✓
⇡

2

� 3

4⇡

◆�⌘
,

where v(s) ⌘
p

1 � 4m2

c/s is proportional to the charm quark momentum in the centre of mass frame of the lepton pair. The
well-known one loop result for real and imaginary part h(0) is given in Eq. (A.12) in the appendix.

III. FACTORISATION GONE TOPSY TURVY

A. Effective Hamiltonian

In the SM the relevant effective Hamiltonian for b ! s`+`� transitions reads

H
e↵

=

GFp
2

 
2X

i=1

(�uCiOu
i + �cCiOc

i ) � �t

10X

i=3

CiOi

!
, �i ⌘ V ⇤

isVib , (11)

where the Wilson coefficients Ci(µ) and the operators Oi(µ) carry a dependence on the factorisation scale µ separating the UV
from the infrared (IR) physics. The b ! s unitarity relation reads �u + �c + �t = 0. For the discussion in this paper we use the
basis[11]5

Oq
1

= (s̄iqj)V�A(q̄jbi)V�A Oq
2

= (s̄iqi)V�A(q̄jbj)V�A

O
3

= (s̄ibi)V�A

X

q

(q̄jqj)V�A O
4

= (s̄ibj)V�A

X

q

(q̄jqi)V�A

O
5

= (s̄ibi)V�A

X

q

(q̄jqj)V+A O
6

= (s̄ibj)V�A

X

q
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FIG. 2: Numerically leading contributions to the decay rate of B ! K`` in the high q2-region. (a) and (b) O
7

and O
9,10 short distance

contributions. These contributions are proportional to the local (short distance) form factors. (c) long distance charm-loop contribution which
in (naive) factorisation is proportional to the same form factor times the charm vacuum polarisation hc(q

2

). The charm bubble itself is the full
non-perturbative vacuum polarisation since it is extracted directly from the data.

Oc
1,2 which have sizeable Wilson coefficients.) In this section we employ the (naive)6 factorisation approximation (FA) for

which,

hK|C
1

Oc
1

+ C
2

Oc
2

|Bi|
FA

/ (C
1

+ C
2

/3)fB!K
+

(q2)hc(q
2

) , (13)

the matrix element factorises into the charm vacuum polarisation hc times the short distance form factor as defined in Eq. (A.7).
This contribution has got the same form factor dependence as C

9

and can therefore be absorbed into an effective Wilson coeffi-
cient Ce↵

9

(A.9) and (A.10). The combination C
1

+C
2

/3 is known as the “colour suppressed" combination of Wilson coefficients
because of a substantial cancellation of the two Wilson coefficients (c.f. appendix A 3). This point will be addressed when we
discuss the estimate of the O(↵s)-corrections.

B. SM-B ! K`` in factorisation

Our SM prediction with lattice form factors [12] (c.f. appendix A 2 for more details), for the B ! K``-rate are shown in
Fig. 3 against the LHCb data [1, 13]. It is apparent to the eye that the resonance effects, in (naive) factorisation, turn out to have
the wrong sign! Not only that but they also seem more pronounced in the data which will be reflected in the fits to be described
below.

IV. COMBINED FITS TO BESII AND LHCB DATA IN AND BEYOND FACTORISATION

Before addressing the relevant issue of corrections to the SM-FA in section V, we present a series combined fits to the BESII
and LHCb-data. We first describe the fit models before commenting on the results towards the end of the section. The number of
fit parameters and the number of d.o.f., denoted by ⌫, are given in brackets below. We take 78 BESII data points and 39 LHCb
bins, excluding the last bin which has a negative entry, amounting to a total of 117 data points.

a) Normalisation of the rate, (17 = 1⌘B + 16

res

fit-parameter ⌘B, ⌫ = 117 � 17 � 1 = 99)
In the FA the normalisation of the rate is given by the form factors f

+,T (q2). Since the latter are closely related in the
high q2-region by Isgur-Wise relation this amounts effectively to an overall normalisation. To be precise we parameterise
the pre-factor, inserted into (A.1) with ml = 0 for the sake of illustration, as follows

d�

dq2

B!K`+`�

/ ⌘B(|HV |2 + |HA|2) , (14)

where V and A refer to the lepton polarisation.

6 The term naive refers to the fact that in this approximation the scale dependence of the Wilson coefficients Ci is not compensated by the corresponding scale
dependence of the matrix elements, a point to be discussed in the forthcoming section.

prime (L⟷R)



•    Bd->K(*)µ+µ-   

• Amplitudes (L,R):  A0, A||, A⊥
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q2

J/ψ

ψ’

ψcc

B ! X cc̄ ! X``

13

Typical spectrum :

B ! (⇡,K,K⇤)``

photon pole  
(K* and Xs)

low-q2 high-q2

SCET (1/EK): 
LCDA (π,K,K*)  
Form Factors 

OPE (1/q2): 
!
Form Factors

LCSR: low-q2 
LQCD: high-q2

+ z-parametrization

{

Disadvantages at low-q2:
non-local power corrections!
need more inputs (LCDA)!
LQCD form factors need to 
be extrapolated from high-q2

Disadvantages at high-q2:
need to integrate over 
several broad charmonium 
resonances

Disadvantages of K* (vs K)
larger power corrections!
K*→Kπ decay (S vs P wave)!
status of LQCD form factors

Advantages of K* (vs K)

K*→Kπ decay (angular 
observables)

                           : general considerations

B̄ ! K̄ ⇤`+`�

LHCb, JHEP 1602 (2016) 104, (see also Belle, arXiv:1604.04042)

Descotes-Genon et al. JHEP 1412 (2014) 125
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Several deviations wrt SM (1)

B ! K ⇤(! K⇡)`` with rich kinematics and many observables
[Ali, Hiller, Matias, Krüger, Mescia, SDG, Virto, Hofer, Bobeth, van Dyck, Buras, Altmanshoffer, Straub, Bharucha. . . ]

Possibility to define optimised observables Pi with reduced
hadronic uncertainties in the large K ⇤-recoil limit
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Measured at LHCb with 1 fb�1 (2013) and 3 fb�1 (2015)
Discrepancies for some (but not all) observables
Two bins for P 0

5 deviating from SM by 2.9 � each
S. Descotes-Genon (LPT-Orsay) BSM (?) fits for b ! s`` Beauty 16, 3/5/16 3
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Figure 2: Data (blue crosses) and SM prediction (red boxes) for P1, P 0
4. The sources

of uncertainties (added in quadrature) are shown as boxes in the following order from

the center towards the outside: parametric, form factors, factorisable corrections, non-

factorisable corrections, charm loop.

2.2.2 P 0
4

The next observable that we would like to discuss is

P 0
4 =

p
2
Re(AL

0A
L⇤
k + AR

0 A
R⇤
k )

p
|A0|2(|A?|2 + |Ak|2)

. (18)

In conjunction with P 0
5, P2 establishes bounds on P1 and enters consistency relations [59].

In particular, the bound

P 02
5 � 1  P1  1� P 02

4 . (19)

is very e�cient in two bins: [6,8] and low recoil. The preference of data for P 0
4 � 1 in

the [6,8] bin requires P1  0, in agreement with the 2015 LHCb data. Strictly speaking,

this bound holds among the q2 dependent observables, but it should also apply when the

functions are only slowly varying (or almost constant) for the binned observables. As an

illustration of the usefulness as a test on data of the bounds provided by Eq. (19) we have

checked which value would imply for P1 the measured values of P 0
4 and P 0

5 at low recoil.

Taking central experimental values for this illustrative example we find that P1 should be

roughly in the range �0.54  P1  �0.44 which is the right ball park as compared to the

central measured value P1 ' �0.50. A similar exercise using the SM central values for

P 0 SM
4,5 gives �0.67  P SM

1  �0.64 versus P SM
1 ' �0.64.

As can be seen in Fig. 2, P 0
4 exhibits a perfect agreement with the SM in all bins, still

with very large error bars. For completeness we provide also the bins [6,8] and [15,19]

in Table 1 to make manifest the lower sensitivity of this observable to shifts of Wilson

coe�cients (particularly at low recoil) as compared to other observables, a fact that should

not downgrade its status to a mere “control” observable.

12
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Figure 4: Data (blue crosses) and SM prediction (red boxes) for P 0
5. Same conventions as

in Fig. 2.

2.2.4 P 0
5

This observable is defined as [6, 7]

P 0
5 =

p
2
Re(AL

0A
L⇤
? � AR

0 A
R⇤
? )p

|A0|2(|A?|2 + |Ak|2)
. (26)

One can provide an interpretation of P 0
4 and P 0

5 based on the expression in terms of the

two-dimensional complex transversity vectors n?,k,0 (see Ref. [5] for the definition of these

vectors defined in a basis of transversity amplitudes with left- and right-handed structure

for the dimuons). If we assume for simplicity that the transversity amplitudes are real,

these two observables can be understood as the “cosine” of the relative angle between the

parallel (respectively perpendicular) transversity vector and the longitudinal one

P 0
4 / cos ✓0,k , P 0

5 / cos ✓0,? . (27)

It is interesting to translate these expressions in the helicity basis by introducing two

vectors based on the helicity h = �1 components of the K⇤: n(a)
� = (HL

�1, H
R
�1) and

n(b)
� = (HL

�1,�HR
�1). In the absence of right-handed currents (H+1 ' 0), these observables

correspond to the projection of the longitudinal helicity vector on one of the two negative

helicity states, namely

P 0
4 / cos ✓0,�1a , P 0

5 / � cos ✓0,�1b . (28)

Given the dominance of the left-handed part of the amplitude, this explains that P 0
4 and

P 0
5 exhibit q2-dependences that are almost the reflection of each other with respect to

15
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• Bs0 ->   𝜙 µ+µ- 
– untagged B 

– angular distributions consistent with 
SM expectations 

– but differential branching ratio in the 
low q2 bins is 3σ  below the SM 
expectations. 

• B -> K* e+ e- 

– Can reach very low q2 (0.02 < |q| < 1.0 
(GeV/c2))  

– Measure angular observables.  

– No large disagreements with SM 
expectations 
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1 Introduction

The decay B

0

s

! �µ

+

µ

� is mediated by a b ! s flavour changing neutral current (FCNC)
transition. In the Standard Model (SM) it is forbidden at tree-level and proceeds via loop
diagrams as shown in Fig. 1. In extensions of the SM, new heavy particles can appear in
competing diagrams and a↵ect both the branching fraction of the decay and the angular
distributions of the final-state particles.

This decay channel was first observed and studied by the CDF collaboration [1, 2]
and subsequently studied by the LHCb collaboration using data collected during 2011,
corresponding to an integrated luminosity of 1.0 fb�1 [3]. While the angular distributions
were found to be in good agreement with SM expectations, the measured branching fraction
di↵ers from the recently updated SM prediction by 3.1 � [4,5]. A similar trend is also seen
for the branching fractions of other b ! sµ

+

µ

� processes, which tend to be lower than
SM predictions [6–8].

This paper presents an updated analysis of the decay B

0

s

! �(! K

+

K

�)µ+

µ

� using
data accumulated by LHCb in pp collisions, corresponding to an integrated luminosity of
1.0 fb�1 collected during 2011 at 7TeV and 2.0 fb�1 collected during 2012 at 8TeV centre-
of-mass energy. The di↵erential branching fraction dB(B0

s

! �µ

+

µ

�)/dq2 is determined as
a function of q2, the square of the dimuon invariant mass. In addition, a three-dimensional
angular analysis in cos ✓

l

, cos ✓
K

and � is performed in bins of q2. Here, the angle ✓

K

(✓
l

)
denotes the angle of the K

� (µ�) with respect to the direction of flight of the B

0

s

meson
in the K

+

K

� (µ+

µ

�) centre-of-mass frame, and � denotes the angle between the µ

+

µ

�

and the K

+

K

� decay planes in the B

0

s

meson centre-of-mass frame. Compared to the
previously published fit of the one-dimensional projections of the decay angles [3], the full
three-dimensional angular fit gives improved sensitivity and allows access to more angular
observables.

The decay B

0

s

! �µ

+

µ

� is closely related to the decay B

0 ! K

⇤0
µ

+

µ

�, which has
been studied extensively by LHCb [6, 9, 10]. Although B

0

s

meson production is suppressed
with respect to the B

0 meson by the fragmentation fraction ratio f

s

/f

d

⇠ 1/4, the
narrow � resonance allows a clean selection with low background levels. Furthermore,
the contribution from the S wave, where the K

+

K

� system is in a spin-0 configuration,
is expected to be low [11]. Since the K

+

K

�
µ

+

µ

� final state is not flavour-specific, the
angular observables accessible in the decay B

0

s

! �µ

+

µ

� are the CP averages F
L

, S
3,4,7

and the CP asymmetries A
5,6,8,9

[12]. The flavour-averaged di↵erential decay rate, as a
function of the decay angles in bins of q2, is given by

1
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1

Table 1: The signal yields for B0

s

! �µ+µ� decays, as well as the di↵erential branching fraction
relative to the normalisation mode and the absolute di↵erential branching fraction, in bins of q2.
The given uncertainties are (from left to right) statistical, systematic, and the uncertainty on the
branching fraction of the normalisation mode.

q2 bin [GeV2/c4] N
�µµ

dB(B0
s!�µµ)

B(B0
s!J/ �)dq

2 [10�5GeV�2c4] dB(B0
s!�µ

+
µ

�
)

dq

2 [10�8GeV�2c4]

0.1 < q2 < 2.0 85+11

�10

5.44+0.68

�0.64

± 0.13 5.85+0.73

�0.69

± 0.14± 0.44

2.0 < q2 < 5.0 60+10

�9

2.38+0.39

�0.37

± 0.06 2.56+0.42

�0.39

± 0.06± 0.19

5.0 < q2 < 8.0 83+12

�11

2.98+0.41

�0.39

± 0.07 3.21+0.44

�0.42

± 0.08± 0.24

11.0 < q2 < 12.5 70+10

�10

4.37+0.64

�0.61

± 0.14 4.71+0.69

�0.65

± 0.15± 0.36

15.0 < q2 < 17.0 83+10

�10

4.20+0.53

�0.50

± 0.11 4.52+0.57

�0.54

± 0.12± 0.34

17.0 < q2 < 19.0 54+8

�7

3.68+0.53

�0.50

± 0.13 3.96+0.57

�0.54

± 0.14± 0.30

1.0 < q2 < 6.0 101+13

�12

2.40+0.30

�0.29

± 0.07 2.58+0.33

�0.31

± 0.08± 0.19

15.0 < q2 < 19.0 136+13

�13

3.75+0.37

�0.35

± 0.12 4.04+0.39

�0.38

± 0.13± 0.30
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Figure 4: Di↵erential branching fraction of the decay B0

s

! �µ+µ�, overlaid with SM predic-
tions [4,5] indicated by blue shaded boxes. The vetoes excluding the charmonium resonances are
indicated by grey areas.

measurement is evaluated by varying the Wilson coe�cient C
9

used in the generation
of simulated signal events. By allowing a New Physics contribution of �1.5, which is
motivated by the global fit results in Ref. [38], the resulting systematic uncertainty is

7

Light Cone Sum Rules:
W. Altmannshofer and D. M. Straub 
      [Eur. Phys. J. C75 (2015) 382, arXiv:1411.3161]
A. Bharucha, D. M. Straub, and R. Zwicky  [arXiv:1503.05534]
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Figure 5: Distribution of the reconstructed q2 from an sPlot of data (black points). The dashed
line represents the B0 ! K⇤0e+e� contribution and the grey area corresponds to the 3.8%
B0! K⇤0�

e

+
e

� contamination. The solid line is the sum of the two.

acceptance in the low-q2 region, the value of the lower q2 e↵ective limit is increased; because
of bremsstrahlung radiation, events with a true q2 greater than 1GeV2/c4 are accepted by
the selection and the higher q2 e↵ective limit is also increased. The values of these e↵ective
boundaries are obtained by requiring that in the low- and high- q2 regions the same number
of events are obtained in a uniform acceptance model and in the LHCb simulation. The
true q2 e↵ective region is thus determined to be between 0.002 and 1.12GeV2/c4. It is
checked, using the LHCb simulation, that the average values of the true q2 and of the
angular observables evaluated with a uniform acceptance in the region between 0.002 and
1.12GeV2/c4 are in agreement with those obtained from the angular fit performed on the
events selected in the reconstructed q2 interval 0.0004 to 1GeV2/c4. An uncertainty on
the q2 e↵ective limits is assigned as half of the q2 limit modification. The true q2 e↵ective
range is thus from 0.0020± 0.0008 to 1.120± 0.060GeV2/c4. This range should be used to

compare the FL, A(2)
T , AIm

T and ARe
T measurements with predictions.

8 Summary

An angular analysis of the B0! K⇤0e+e� decay is performed using proton-proton colli-
sion data, corresponding to an integrated luminosity of 3.0 fb�1, collected by the LHCb
experiment in 2011 and 2012. Angular observables are measured for the first time in an
e↵ective q2 range from 0.0020 ± 0.0008 to 1.120 ± 0.060GeV2/c4. The results are

FL = 0.16 ± 0.06 ± 0.03

A(2)
T = �0.23 ± 0.23 ± 0.05

AIm
T = +0.14 ± 0.22 ± 0.05

ARe
T = +0.10 ± 0.18 ± 0.05,

14
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• Global analysis of b -> s l+ l-  transitions      

31
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Radiative decays

b ! s� and b ! s`+`� Flavour-Changing Neutral Currents
enhanced sensitivity to New Physics effects
analysed in model-independent approach effective Hamiltonian

b ! s�(⇤) : HSM
�F=1 /

X
V ⇤

tsVtbCiOi + . . .

O7 = e
g2 mb s̄�µ⌫(1 + �5)Fµ⌫ b [real or soft photon]

O9 = e2

g2 s̄�µ(1� �5)b ¯̀�µ` [b ! sµµ via Z /hard �. . . ]

O10 = e2

g2 s̄�µ(1� �5)b ¯̀�µ�5` [b ! sµµ via Z ]

CSM

7 = �0.29, CSM

9 = 4.1, CSM

10 = �4.3 @ µb = mb

NP changes short-distance Ci for SM or new long-distance ops Oi

Chirally flipped (W !WR) O7 ! O70 / s̄�µ⌫(1� �5)Fµ⌫ b
(Pseudo)scalar (W ! H+) O9,O10 ! OS / s̄(1 + �5)b ¯̀̀ ,OP

Tensor operators (� ! T ) O9 ! OT / s̄�µ⌫(1� �5)b ¯̀�µ⌫`

S. Descotes-Genon (LPT-Orsay) BSM (?) fits for b ! s`` Beauty 16, 3/5/16 2

Sebastien Descotes-Genon 
Sebastien Descotes-Genon, Lars Hofer, Joaquim Matias, Javier Virto  arXiv:1510.04239
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b ! sµµ: 1D hypotheses

SM pull: �2(Ci = 0)� �2
min

(metrology, how far best fit from SM ?)
p-value: �2

min

and Ndof (goodness of fit, how good is best fit ?)
contribution to C9 always favoured

Coefficient Best Fit Point 3� Pull
SM

p-value (%)
SM � � � 16.0
CNP

7 �0.02 [�0.07, 0.03] 1.2 17.0
CNP

9 �1.09 [�1.67,�0.39] 4.5 63.0
CNP

10 0.56 [�0.12, 1.36] 2.5 25.0
CNP

9 = CNP
10 �0.22 [�0.74, 0.50] 1.1 16.0

CNP
9 = �CNP

10 �0.68 [�1.22,�0.18] 4.2 56.0
CNP

90 = CNP
100 �0.07 [�0.86, 0.68] 0.3 14.0

CNP
90 = �CNP

100 0.19 [�0.17, 0.55] 1.6 18.0
CNP

9 = �CNP
90 �1.06 [�1.60,�0.40] 4.8 72.0

CNP
9 = �CNP

10
= �CNP

90 = �CNP
100

�0.69 [�1.37,�0.16] 4.1 53.0

CNP
9 = �CNP

10
= CNP

90 = �CNP
100

�0.19 [�0.55, 0.15] 1.7 19.0

S. Descotes-Genon (LPT-Orsay) BSM (?) fits for b ! s`` Beauty 16, 3/5/16 6
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Some favoured scenarios
Branching Ratios

Angular Observables HPiL
All

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

C9
NP

C 9
'NP

Branching Ratios

Angular Observables HPiL
All

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

C9
NP

C 1
0NP

Branching Ratios

Angular Observables HPiL
All

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

C9
NP = -C9'

NP

C 1
0NP
=

C 1
0'NP

Branching Ratios

Angular Observables HPiL
All

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

C9
NP = -C9'

NP

C 1
0NP
=
-

C 1
0'NP

From the fit
CNP

9 , CNP
90

CNP
9 , CNP

10

CNP
9 = �CNP

90 ,
CNP

10 = CNP
100

CNP
9 = �CNP

90 ,
CNP

10 = �CNP
100

For model
builders
CNP

9 = �CNP
10

natural if SUL(2)
symmetry used
for all fermions

S. Descotes-Genon (LPT-Orsay) BSM (?) fits for b ! s`` Beauty 16, 3/5/16 9
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• Other groups’ fits agree well 

• Belle agrees with LHCb 

• What is causing the NP contribution   
to (principally)  C9 ?

34
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A few recent analyses

[SDG, Hofer [Straub & [Hurth, Mahmoudi,

Matias, Virto] Altmannshofer] Neshatpour]

Statistical Frequentist Frequentist Frequentist
approach ��2 ��2 ��2 & �2

Data LHCb Averages LHCb
B ! K ⇤µµ data Pi , Max likelihood Si , Max likelihood Si , Max l.& moments

Form B-meson LCSR [Bharucha, Straub, Zwicky] [Bharucha, Straub, Zwicky]

factors [Khodjamirian et al.] fit light-meson LCSR
+ lattice QCD + lattice QCD

Theo approach soft and full ff full ff soft and full ff
cc̄ large recoil magnitude from polynomial param polynomial param

[Khodjamirian et al.]

Cµ
9 1D 1� [-1.29,-0.87] [-1.54,-0.53] [-0.27,-0.13]
pullSM 4.5 � 3.7 � 4.2�
“good see before CNP

9 , CNP
9 = �CNP

10 (CNP
9 , CNP

90 ), (CNP
9 , CNP

10 )
scenarios” (CNP

9 , CNP
90 ), (C9, CNP

10 )

=)Good overall agreement for the results of the three fits

S. Descotes-Genon (LPT-Orsay) BSM (?) fits for b ! s`` Beauty 16, 3/5/16 11

NEW PHYSICS 

or 

Large power corrections, 
Nonperturbative QCD 

effects (charmonium),…
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Outlook

b ! s``
Many observables, more or less sensitive to hadronic unc.
Confirmation of LHCb results for B ! K ⇤µµ, supporting CNP

9 < 0
with large significance and room for NP in other Wilson coeffs
Several discrepancies in b ! sµµ require more global viewpoint
Global fit does not seem to favour hadronic explanations

Where to go ?
Improve measurements of q2-dependence to check status of CNP

i
Confirm RK with other observables comparing modes with ` = e
and ` = µ with finer binning
Better estimate soft-gluon contributions and duality violation
Provide lattice form factors over larger range (large recoil ?)
Look for new observables : CP-violation, time-dependence,
involving ⌧ , LFUV and LFV observables. . .

A lot of (interesting) work on the way !

S. Descotes-Genon (LPT-Orsay) BSM (?) fits for b ! s`` Beauty 16, 3/5/16 34

Jorge Martin Camalich

Connecting theory to experiment: The helicity amplitudes

Helicity amplitudes � = ±1, 0

HV (�) = �iN
n

Ceff

9
z }| {



C9ṼL� +
m2

B

q2 h�

�

� m̂bmB

q2 C7T̃L�

o

,

HA(�) = �iNC10ṼL�, HP = iN
2 mlm̂b

q2 C10

⇣

S̃L +
ms

mb
S̃R

⌘

Hadronic form factors: 7 independent q2-dependent nonperturbative functions

“Charm” contribution

h� /
Z

d4yeiq·y hK̄ ⇤|T {jem,had,µ(y),O1,2(0)}|B̄i

Charm and O9 are tied up by renormalization
Only Ceff

9 is observable!

J. Martin Camalich (JGU) Hadronic in B decays May 3, 2016 10 / 25

Sebastien Descotes-Genon 
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Form Factors at low q2

Heavy-quark and large-recoil (K ⇤) limit only 2 independent “soft form factors”

T+ = V+ = 0, T� = V� =
2E
mB

⇠?, T0 = V0 = S = ⇠k

Dugan et al. PLB255(1991)583, Charles et al. PRD60(1999)014001

The observable P0
5Matias et al.’12

P0
5|1 =

I5
2
p
�I2sI2c

'
C10

�

C9,? + C9,k
�

q

(C2
9,k + C2

10)(C
2
9,? + C2

10)
,

(

C9,?=Ceff

9 (q2)+
2 mb mB

q2 Ceff

7

C9,k=Ceff

9 (q2)+
2 mb E

q2 Ceff

7

“Factorizable power corrections” (⇤
QCD

/mb): Jäger&JMC, JHEP1305(2013)043

F p.c. = ±aF ± bF
q2

m2
B

1 Identify soft- with QCD-FFs: E.g. [T�(q2), S(q2)] or [V�(q2), V0(q2)]

(Scheme dependence?) Hofer et al., JHEP1412(2014)125

2 QCD exact relations =) aT+ = 0 and aV0 = aS
3 PC’s estimated dim. analysis: ⇤/mb = 10%

J. Martin Camalich (JGU) Hadronic in B decays May 3, 2016 12 / 25

Jorge Martin Camalich

P0
5=P0

5|1

 

1+
aV��aT�

⇠?
mB
|~k|

m2
B

q2 Ceff

7
C9,?C9,k�C2

10
(C2

9,?+C2
10)(C9,?+C9,k)

+
aV0

�aT0
⇠k

2 Ceff

7
C9,?C9,k�C2

10
(C2

9,k+C2
10)(C9,?+C9,k)

+ 8⇡2 h̃�
⇠?

mB
|~k|

m2
B

q2
C9,?C9,k�C2

10
C9,?+C9,k

+...

!

+O(⇤2/m2
B) Jäger and JMC, PRD93(2016)no.1,014028

Predictions for P0
5

Blue: 1s
Gray : Max. spread

Red: DHMV

0 1 2 3 4 5 6
-1.0

-0.5

0.0

0.5

1.0

q 2 @GeV2D

P 5
'

R-fit to 1 fb�1 P(0)
i ’s [1, 6] GeV2

-4 -3 -2 -1 0 1 2
0

1

2

3

4

5

dC9

D
c2

Green line: Different FF scheme

Better understanding of had. uncert. desirable!
Scheme dependence? Hofer et al.

Use LCSR? Bharucha, Straub and Zwicky, arXiv: 1503.05534

Charm under control? Lyon&Zwicky arXiv:1406.0566, Ciuchini et al. arXiv:1512.07157

J. Martin Camalich (JGU) Hadronic in B decays May 3, 2016 14 / 25
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What about the high q2 region?

Theoretical approach based on OPE+HQET Lunghi’s talk

lim
x!0

Z

d4x
eiq·x

q2 T{jem,had,µ(x),Hhad(0)} =
X

n

C3,n O3,n(q2) + 0 +O(dim>4)

Grinstein et al. PRD70(2004)114005, Bobeth et al. JHEP1007(2010)098, Beylich et al EPJC71(2011)1635

Up to O(⇤2/m2
b) ⇠ 1% “charm” described by form factors

FFs in LQCD!! Horgan et al. PRL112(2014)212003 However: Duality violations!!

No satisfactory (model-independent) solution (yet?)

J. Martin Camalich (JGU) Hadronic in B decays May 3, 2016 15 / 25

Jorge Martin Camalich



2.6 σ from SM RK =1

• Lepton Flavor Universality Violation 
– With full 3 fb-1 of LHCb   

38
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RK =
BR(B ! K µ+ µ�)

BR(B ! K e+ e�)
= 0.745 +0/090

�0.074 ( stat)± 0.036( syst)

LFU: electron vs. muon (Rk) 

Johannes Albrecht 

T. Blake

RK result
• In the run 1 dataset, LHCb 

determines:  

!

in the range 1 < q2 < 6 GeV2, 
which is consistent with the 
SM at 2.6!. 

• Take double ratio with  
B+ → J/ѱ K+  to cancel 
possible sources of 
systematic uncertainty. 

• Correct for migration of events 
in/out of the window due to 
Bremsstrahlung using MC 
(with PHOTOS).  

32
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RK = 0.745+0.090
�0.074

+0.036
�0.036

RK < 1 implies a deficit of 
muons w.r.t. electrons.

T. Blake

RK result
• In the run 1 dataset, LHCb 

determines:  

!

in the range 1 < q2 < 6 GeV2, 
which is consistent with the 
SM at 2.6!. 

• Take double ratio with  
B+ → J/ѱ K+  to cancel 
possible sources of 
systematic uncertainty. 

• Correct for migration of events 
in/out of the window due to 
Bremsstrahlung using MC 
(with PHOTOS).  
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LHCb  [PRL113 (2014) 151601 ]!
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Belle   [PRL 103 (2009) 171801]

RK = 0.745+0.090
�0.074

+0.036
�0.036

RK < 1 implies a deficit of 
muons w.r.t. electrons.

(SM: Rk=1.00, consistent at 2.6σ) 
 

LHCb measures with 3fb-1 

RK =
BR(B+ → K +µ+µ− )
BR(B+ → K +e+e− )

= 0.745 +0.090
−0.074

(stat)± 0.036(syst)

13. March 2016 17/19 



BSM Explanations 

• We have considered the flavor anomalies in b -> s µ+µ- , B -> D(*) 𝜏 ν and h-> 𝜏µ 
• Possible New Physics to explain these anomalies       

– Z ‘ 

– Extended Higgs Sector 

– Leptoquarks 

– More complete models: 
• 2HDM with gauged L𝜏 -Lµ   

• 2HDM-X: one higgs couples to quarks, one to leptons                                                               
Crivellin, J. Heck, P. Stoffer arXiv:1507.07567
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Andreas Crivellin 
U. Haisch et al. arXiv:1308.1959; 
W. Altmannshofer et al. arXiv:1403.1269;  
A. Crivellin et al. arXiv:1501.00993; …

J. Heeck et al. arXiv:1412.3671; 
A. Greljo et al. arXiv:1502.07784; 
A. Crivellin et al. arXiv:1501.00993; …

M. Bauer, M. Neubert arXiv:1511.01900;  
L. Calibbi, A. Cruvellin, T. Ota arXiv:1506.02661



BSM Explanations 
• Concludes: 

• Possible new signals BSM 

– b -> s µ+µ- ⊕ R(D(*)) ⇒ Leptoquarks ⇒ Bs -> µµ, b -> s 𝝉𝝉 

– aµ ⊕ R(D(*)) ⇒ 2HDM-X ⇒ t -> Hc,  Bs ->µµ, 𝝉 -> µνν 

– b -> s µ+µ- ⊕ h -> 𝝉µ ⇒ Z’ ⇒ 𝝉 -> µµµ

Estia Eichten                                                                                                                                                              Fermilab                     
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Andreas Crivellin 

b -> s µ+µ-

Z’ gauge boson Leptoquarks

B -> D(*) 𝜏 ν 

a(g-2)µ

Extended Higgs sector

h -> 𝜏µ
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plats d'accompagnement 
Charm physics, kaons, EDM’s, LFV 



Charm Physics
• Generic restrictions on NP from DD-mixing
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Alexey Petrov _

Alexey A Petrov (WSU & MCTP) BEAUTY 2016, Marseille 1-5 May 2016

Resume: a contribution to x and y of the order of 1% is natural in the SM 

+

�
⇧

⇤

L
�
R

⇥
⌃

⌅ +

H�C=2
NP =

1
�2

NP

8�

i=1

zi(µ)Q�
i

Generic restrictions on NP from DD-mixing

★ Comparing to experimental value of x, 
obtain constraints on NP models 

- assume x is dominated by the New 
Physics model 
- assume no accidental strong 
cancellations b/w SM and NP 

★ ... which are

�NP ⇤ (4� 10)⇥ 103 TeV

�NP ⇤ (1� 3)⇥ 102 TeV

Gedalia, Grossman, Nir, Perez 
Phys.Rev.D80, 055024, 2009

New Physics is either at a very high scales 

           tree level: 

           loop level:   

or have highly suppressed couplings to charm!

★ Constraints on particular NP models available E.Golowich, J. Hewett, S. Pakvasa and A.A.P. 
Phys. Rev. D76:095009, 2007

27
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• Rare leptonic/semileptonic decays of charm

43
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Alexey Petrov 

Alexey A Petrov (WSU & MCTP) BEAUTY 2016, Marseille 1-5 May 2016

Rare leptonic/semileptonic decays of charm

Ø These decays also proceed at one loop in the SM; GIM is very effective 
- SM rates are expected to be small

★ Rare decays D � M e+e-/µ+µ- just like D � e+e-/µ+µ- are mediated by c�u ll 

- SM contribution is dominated by LD effects  
- could be used to study NP effects

Burdman, Golowich, Hewett, Pakvasa; 
Fajfer, Prelovsek, Singer

★ Example: R-parity-violating SUSY 
- operators with the same parameters  

contribute to D-mixing 
- feed results into rare decays

Fajfer, Kosnik, Prelovsek

18

★ Rare decays D �e+e-/µ+µ-are mediated by c�u ll, but helicity suppressed: Br ~ m2l .
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• Studies of D*(B*)  -> e+ e-  in resonance production

44
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Alexey A Petrov (WSU & MCTP) BEAUTY 2016, Marseille 1-5 May 2016

Studies of D*(B*) � e+e- in resonance production

★ D* has a small width defined by strong and radiative decays 

Ø Is it at all possible and feasible experimentally???

★ … with contributions from higher excitations being highly suppressed

★ … thus running for a “Snowmass year” (~107 s) with 

probes

12

★ SM LD contributions are of the same order of magnitude or less compared to SD!!! 
★ Great probe of NP contributions, wider reach than D -> ll with NO helicity suppression

BSD
D⇤!e+e� =

�(D⇤ ! e+e�)

�0
⇡ 2.0⇥ 10�19

Alexey Petrov 
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• Non Leptonic D decays 

– 4 Topological amplitudes in SU(3)F limit 

– 14 new topological amplitudes in general 

– can use 1/Nc arguments to order contributions 

– Summary

45
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Stefan Schacht

SU(3)F-limit topologies

c

ū/d̄

u

d̄

ū/d̄

d c

ū/d̄

d

ū/d̄

d̄

u

tree (T) color-suppressed tree (C)

c

ū

d
ū/d̄

u/d

d̄

c

d̄

d̄
u/d

ū/d̄

u

exchange (E) annihilation (A)
[Chau 1980,1982; Zeppenfeld 1981, Buras Silvestrini 1998]

Stefan Schacht Marseille May 2016 4 / 25

Conclusion
Global fit of D! PP0 branching ratios to topological amplitudes:
) multiple degenerate best-fit solutions.
Likelihood ratio test of e.g. size of⇠⇠⇠⇠SU(3)F and Pbreak , 0 (GIM).
Branching ratio predictions:
B(D+s ! KLK+) = 0.012+0.007

�0.002 at 3�
B(D0 ! KL⇡0) < B(D0 ! KS⇡0) at 4�

CP asymmetries involve topological amplitudes not constrained by
the fit. These can be eliminated by forming judicious combinations of
several CP asymmetries ! sum rules .
Sum rules test SU(3)F in penguin amplitudes and/or new physics.

D0 ! KSKS: R =
q

adir
CP

2 +
⇣
� � �mix + Im �b

�sd

⌘2  1.1% @95% CL.
Violation of bound: New physics or enhancement of the penguin
annihilation amplitude by QCD dynamics.

Would be visible also in other decays.

Stefan Schacht Marseille May 2016 25 / 25
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Renaissance of Kaon Flavour Physics (Buras)

H´/H strikes back after new Lattice QCD results
from RBC-UKQCD and upper bounds B6 < B8 < 1  
from dual QCD approach (Buras, Gérard)  1507.06326

1603.05686        

New Anomaly
in 

Flavour Physics

4
SM

4
exp

( ´/ ) (1.9 4.5) 10

( ´/ ) (16.6 2.3) 10

�

�

H H  r �

H H  r �

(Buras, Gorbahn, Jäger, Jamin)
(1507.06345)
(Buras, Gérard) (1507.06326)

HK l 'Ms,d tension in SM and CMFV after new results
from Fermilab-MILC Collaboration (Blanke, Buras, 1602.04020)

Universal Unitarity Triangle 2016 (J = (62.7 ± 2.1)°)

Andrzej Buras
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• LHCb:  
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26

(Blanke/Buras arXiv:1602.0402)

(Fermilab-MILC arXiv:1602.03560)

UUT(CMFV):  γ = (62.7±2.1)°

� = 70.9 +7.1
�8.5
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New Strategy :

(Buras, 1601.00005)

Correlations between
and the sign of ('MK)NP can distinguish between (H´/H)NP
from QCD Penguins and Electroweak Penguins.

K
K

Effects
can be
large

K
( ´/ ,  )

M
o SQQ § ·§ ·

H H H o ¨ ¸¨ ¸'© ¹© ¹

New Physics
in NP

Anomalies

0
LK   and  K� �o S QQ o S QQ

Z, Z´ tree-level exchanges, LHT model, 331 models and MSSM
provide solutions to H´/H - anomaly and HK - 'Ms,d tensions
with different implications for 0

L sK ,   K ,  B  � � � �o S QQ o S QQ o P P
and B K(K*)l l .� �o

Andrzej Buras
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• EDMs

49
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Conclusions

Model-independent extraction of d
e

and C
S

In principle: two unknowns, three measurements (Tl,YbF,ThO)
Extract de ,CS model-independently [Dzuba et al.’11,MJ’13]

2016 Problem: Aligned constraints
Mercury bound ⇠ orthogonal!
Assumption: CS , de saturate dHg

Conservative!

de  2.7⇥ 10�28

e cm
CS  1.5⇥ 10�8

Further atomic measurements:
Not competitive yet

predicted from this fit!

Future measurements aim at precision beyond present constraints!
Help to resolve the alignment problem
Requires precision measurements of low-Z and high-Z elements

Martin Jung

Introduction EDMs LFV Conclusions

The EDM in heavy paramagnetic systems
Two main contributions, enhanced by Z 3: [Sandars’65, Flambaum’76]

A single measurement does not restrict de directly

• CS : CP-odd electron-nucleon interaction

• Atoms: typically polarized in external field

• Molecules: aligned in external field
Exploit huge internal field

For molecules: energy shift �E = ~! with

! = 2⇡
⇣

WM
d
2 de +

WM
c
2 CS

⌘

.

Molecule WM
d /1025Hz/e cm WM

c /kHz
YbF �1.3± 0.1 �92± 9
ThO �3.67± 0.18 �598± 90

de

ēFµ⌫�µ⌫�5e

CS

(ēi�5e)(N̄N)

[Results entering: Nayak/Chaudhuri’07,’08,’09; Dzuba et al.’11, Meyer/Bohn’08,

Skripnikov et al.’13, Fleig/Nayak’14; Averages: MJ’13, MJ/Pich’14]
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• Lepton Flavor Violation
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Conclusions

LFV and lepton-flavour universality

Recent results
hinting at lepton-
flavour non-uni-
versality:

Why is this relevant for LFV? )NP typically not in mass basis
Rotation to mass basis induces LFV [Glashow+,Bhattacharya+’14,. . . ]

Additional motivation to look for LFV B decays!

However. . .

• “typically” does not mean “necessarily”
diagnonal mass matrix possible

• Examples: [Altmannshofer+’14,Celis+’15)]

Martin Jung
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Conclusions

Conclusions

• EDMs and LFV observables unique tests of NP models
• Model-independent constraints on NP parameters di�cult

Need (at least) as many experiments as (e↵.) parameters
• Di↵erentiation between (classes of) NP models possible!

model-dependent combination with g � 2,m⌫ , . . .
• Quantitative results require close look at theory uncertainties

Use conservative limits, allowing for cancellations
For e.g. dn, dHg bottleneck!

• Robust, model-independent limit on electron EDM
(CS not model-independently negligible):

|de |  2.7⇥ 10�28

e cm (95%CL,Hg)

• Violation of LFU motivation for search of LFV in B decays. . .
. . . but not guaranteed!

• Plethora of new results to come
Might turn limits into determinations!

Martin Jung



Beauty 2016                                                                                                                                                          6 May 2016                     52

Estia Eichten                                                                                                                                                              Fermilab                     

dessert 
Serendipity 



Serendipity

• Tau Physics from ISR at B factories:   
• Belle 2 will be not only a superb facility for studying B physics 
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Yasuhiro OkadaBelle II impact
Current 2-3σ deviations will be clarified: new physics effect or just statistical fluctuations?!

~3σ deviation?
Belle II prospect

(with the current Belle central value) 
~14(6)σ deviation with 50(5)ab-1 of data!

SM consistent?

SM

SM

Belle II prospect
(with the current Belle central value) 

~16(6)σ deviation with 50(5)ab-1 of data!
(SM uncertainty to be included)

Example of B->D(*)τν
Currently the deviation is ~3σ... 

Example of CPV in B->K*γ
Currently SM (#) consistent...

(#) SM prediction of CPV in B->K*γ is still under discussion in B2TiP... 

K. Hara and S. Mishima for B2TiP LAL NP-workshop A. Ishikawa for B2TiP LAL NP-workshop

From Ishikawa-Kou-Mishima

17



Serendipity
• Also can study LFV decays in taus. 
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Yasuhiro Okada

LFV in SUSY seesaw model

22

We have updated the prediction of  muon and tau LFV processes in the SUSY seesaw

Model, takin into account of various experimental results including the Higgs boson 

mass, SUSY searches at the 8TeV LHC run and h  13 in the neutrino experiments. 

Interesting cases for tau LFV 

searches arise in Nondegenerate 

case of the heavy Majorana mass 

matrix. 

T. Goto, Y. Okada, T.Sindou, M.Tanaka and R.Wataanabe, 2015

Allowed parameter regions

with O(10-9) (t->mg) and O(10-13)

(m->eg)

LFV in the little Higgs model with T-parity

24

T. Goto, Y.Okada and Y.Yamamoto 2011T-odd ferimions can induce large FCNC and LFV. 

Branching ratios of t->mg and t-3m
can be similar.

Asymmetries with respect to the tau 
polarization can give information of the LFV
Interaction.  
• Angular correlation at Belle ll
• Tau from W decays at LHC

t->mg vs. t-3m
Z(m-direction)-Asymmetry with
respect to the tau polarization 

23

m-eg vs. t->mg



• Insights into QCD dynamics:   
– New hadronic states involving heavy quarks. 

• X(3872)   

• Many have followed: Y(4260), … 

• Z+(b,c)   I=1   JPC = 1+- 

• Two states observed in the charmonium (bottomonium) system just above the DD* (BB*) and 
D*D* (B*B*) thresholds 

• Impossible to interpreted as just a heavy quark - antiquark quarkonium state. 

–  First discovered in the B decay products.  But now found by hadronic production 
(LHCb, CMS, Atlas) and e+e-  (BES, Belle). 

– Tetraquarks and Pentaquarks   
• Threshold states 

• At or just above the opening of a conventional two hadron state in a relative S-wave. 

• Much remains to be understood  about the dynamics of these states.   

• Both models and Lattice QCD can be employed to disentangle this QCD dynamics. 

– Spectroscopy explored here by Lebed and new experimental findings presented.  
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What the Charmonium System Really Looks Like
Neutral Sector, May 2016 Neutral states in the charmonium region Richard Lebed
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• Below threshold the spectrum and decays are very well described by the 
conventional charmonium NRQCD.   

• Above threshold additional states are observed.   

57
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The exotics scorecard: May 2016

• 29 observed exotics
– 24 in the charmonium sector
– 4 in the (much less explored) bottomonium sector
– 1 with a single b quark (and an s, a u, and a d)

• 12 confirmed (& at most 1 of the other 17 disproved)

Richard Lebed
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• Lebed argues for a major role for the diquark-antidiquark dynamics 
• Others argue for different pictures 

• The physical states are likely to be a cocktail of these simple pictures. 

• In the end this question is QCD dynamics and will need Lattice QCD 
calculations to disentangle the states.

58
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How are tetraquarks assembled?

Image from Godfrey & Olsen,
Ann. Rev. Nucl. Part. Sci. 58 (2008) 51 

c̄ c
u

u

hadrocharmonium

_

cusp effect:
Resonance created by rapid
opening of meson-meson threshold
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The Present and the Future

• The past two years have provided confirmation of the 
existence of the tetraquark and observation of the 
pentaquark, the third and fourth classes of hadron

• Almost 30 such states (X, Y, Z, PC) have thus far been observed
• All of the popular physical pictures for describing their 

structure seem to suffer some difficulty
• We propose an entirely new dynamical picture based on a 

diquark-antidiquark (or triquark) pair rapidly separating until 
forced to hadronize due to confinement

• Exotics is a data-driven field.  Many more exotics remain to be 
discovered, especially in the beauty sector

Richard Lebed



• Four quark states with heavier light quarks should 
also be observed. 
– (cscs)   X(4140) and others? 

• CMS at  √s = 8 TeV  observes double ϒ production   
in the µ+ µ- µ+ µ- final state:   
– σ (pp -> ϒ ϒ) = 68.8 ± 12.7 (stat) ± 7.4 (syst) pb         

for |y| < 2.0 and pT ϒ < 50 GeV 

– Possible to search for heavy quark hadrons          
(cccc), (cbcb), (bbbb)
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Thomas Britton:  APS  April meeting

4/22/2016 APS Meeting Presentation

https://absuploads.aps.org/presentation.cfm?pid=11733 2/3

Image 12 of 16
4/29/2016 APS Meeting Presentation

https://absuploads.aps.org/presentation.cfm?pid=12160 1/1

Quarkonium Production
at CMS (J16.00004)

Presented at APS April Meeting 2016

on April 17, 2016

Session J16: Top Quark / Hadronic

Physics

Speaker: Maksat Haytmyradov

Flag this Page

< 1 2 3 4 5 6 7 8 9 10 11 12 13 14 >

 

APS Home | APS Meetings | Join APS | Help | Contact APS Meetings 

© 2016 American Physical Society
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• Bc  -  a rich excitation spectrum of states. 
– Atlas observed: Bc(2S) -> Bc(1S) +ππ.   The first radially excited state. 

– Many states observable at the LHC and a future TevaZ factory.

61
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 More distant future
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• Bc is the only heavy-heavy meson that only has weak decays. 

• Many opportunities to study CKM and BSM physics.  

62
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13

TABLE XI: Branching ratios of exclusive B+
c decays at the fixed choice of factors: ac

1 = 1.20 and ac
2 = −0.317 in the non-leptonic

decays of c quark, and ab
1 = 1.14 and ab

2 = −0.20 in the non-leptonic decays of b̄ quark. The lifetime of Bc is appropriately
normalized by τ [Bc] ≈ 0.45 ps.

Mode BR, %

B+
c → ηce

+ν 0.75

B+
c → ηcτ

+ν 0.23

B+
c → η′ce

+ν 0.020

B+
c → η′cτ

+ν 0.0016

B+
c → J/ψe+ν 1.9

B+
c → J/ψτ+ν 0.48

B+
c → ψ′e+ν 0.094

B+
c → ψ′τ+ν 0.008

B+
c → D0e+ν 0.004

B+
c → D0τ+ν 0.002

B+
c → D∗0e+ν 0.018

B+
c → D∗0τ+ν 0.008

B+
c → B0

se+ν 4.03

B+
c → B∗0

s e+ν 5.06

B+
c → B0e+ν 0.34

B+
c → B∗0e+ν 0.58

B+
c → ηcπ

+ 0.20

B+
c → ηcρ+ 0.42

B+
c → J/ψπ+ 0.13

B+
c → J/ψρ+ 0.40

B+
c → ηcK

+ 0.013

B+
c → ηcK

∗+ 0.020

Mode BR, %

B+
c → J/ψK+ 0.011

Bc → J/ψK∗+ 0.022

B+
c → D+D 0 0.0053

B+
c → D+D ∗0 0.0075

B+
c → D∗+D 0 0.0049

B+
c → D∗+D ∗0 0.033

B+
c → D+

s D 0 0.00048

B+
c → D+

s D ∗0 0.00071

B+
c → D∗+

s D 0 0.00045

B+
c → D∗+

s D ∗0 0.0026

B+
c → ηcD

+
s 0.28

B+
c → ηcD

∗+
s 0.27

B+
c → J/ψD+

s 0.17

B+
c → J/ψD∗+

s 0.67

B+
c → ηcD

+ 0.015

B+
c → ηcD

∗+ 0.010

B+
c → J/ψD+ 0.009

B+
c → J/ψD∗+ 0.028

B+
c → B0

sπ
+ 16.4

B+
c → B0

sρ
+ 7.2

B+
c → B∗0

s π+ 6.5

B+
c → B∗0

s ρ+ 20.2

Mode BR, %

B+
c → B0

sK+ 1.06

B+
c → B∗0

s K+ 0.37

B+
c → B0

sK∗+ –

B+
c → B∗0

s K∗+ –

B+
c → B0π+ 1.06

B+
c → B0ρ+ 0.96

B+
c → B∗0π+ 0.95

B+
c → B∗0ρ+ 2.57

B+
c → B0K+ 0.07

B+
c → B0K∗+ 0.015

B+
c → B∗0K+ 0.055

B+
c → B∗0K∗+ 0.058

B+
c → B+K0 1.98

B+
c → B+K∗0 0.43

B+
c → B∗+K0 1.60

B+
c → B∗+K∗0 1.67

B+
c → B+π0 0.037

B+
c → B+ρ0 0.034

B+
c → B∗+π0 0.033

B+
c → B∗+ρ0 0.09

B+
c → τ+ντ 1.6

B+
c → cs̄ 4.9

and decrease the theoretical uncertainties in the corre-
sponding theoretical evaluation of quark parameters as
well as the hadronic matrix elements, determined by the
nonperturbative effects caused by the quark confinement.
The measurement of branching fractions for the semilep-
tonic and non-leptonic modes and their ratios can in-
form on the values of factorization parameters, which de-
pend again on the normalization of non-leptonic weak la-
grangian. The charmed quark counting in the Bc decays
is related to the overall contribution of b quark decays as
well as with the suppression of b̄ → cc̄s̄ transition because
of the destructive interference, which value depends on
the nonperturbative parameters (roughly estimated, the
leptonic constant) and non-leptonic weak lagrangian.

Thus, the progress in measuring the Bc lifetime and de-

cays could enforce the theoretical understanding of what
really happens in the heavy quark decays at all.

We point also to the papers, wherein some aspects of
Bc decays and spectroscopy were studied: non-leptonic
decays in [42], polarization effects in the radiative lep-
tonic decays [43], relativistic effects [44], spectroscopy in
the systematic approach of potential nonrelativistic QCD
in [45], nonperturbative effects in the semileptonic de-
cays [46], exclusive and inclusive decays of Bc states into
the lepton pair and hadrons [47], rare decays in [48], the
spectroscopy and radiative decays in [49].

This work is supported in part by the Russian Founda-
tion for Basic Research, grants 01-02-99315, 01-02-16585,
and 00-15-96645.
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Summary

• Tremendous progress in the detailed measurements of B decays and other 
flavor sensitive systems.   

• Theoretical expectations have also been tightened.  Particularly important 
Lattice QCD inputs combined with analytic approaches: OPE, HQET, SCET, … 

• In spite of a number of ~3σ deviations from the SM expectations,                
no smoking gun for BSM physics yet.   

• Rich program in flavor physics for many years to come.  LHCb, Belle2,… 
• “No Lose” Theorem: 

• If LHC discovers new physics in future running -> focussed searches for the effects 
in B decays. 

• If no new physics discovered at LHC -> leading probe for detecting BSM effect. 

• Surprises even in QCD.  

– All this will require continual improvements in theoretical SM expectations.
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"One more thing..." ... I mean, little things bother me.  
I'm a ... It's just one of those things that gets in my head  

and keeps rolling around in there like a marble.  
Peter Falk - as Detective Columbo


