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• It is impossible for me to cover all aspects of flavor physics in this talk. I 
will emphasize on the heavy flavor physics-B physics. 

• More topics will be missed

Disclaimer

— Charm physics 

— Tau physics 

— Exotic states 

— K Physics

• Apologies for many missing references. 
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⇒ the PORTAL for NEW PHYSICS. 

• BUT the ”scalar particle” found resembles very much the SM Higgs particle, 

with SM-like couplings up to the present precision.  

• ⇒ it will be a long term task... 

• HOWEVER, there are 

OTHER PORTALS: RARE B 

DECAYS (FCNC)  

• New Physics same footing as 

SM 

• They allow you to explore 

higher scales Λ 



  Why do we study flavor physics  

  Where do we study flavor physics   

  Recent anomalies in flavor physics. 

  Possible explanations to these anomalies. 

  Flavor physics at CepC. 

  Summary and outlook

Outline



☛ SM flavor problem: hierarchy of masses and mixing angles; why ν’s are 
different 

☛ Empirical evidence that SM is incomplete:  dark matter, baryon asymmetry, 
neutrino mass — at least two related to flavor 

☛ NP flavor problem: TeV scale ≪ flavor & CPV scale 

Why is flavor physics interesting?

• SM flavor problem: hierarchy of masses and mixing angles; why ⌫’s are different

• Empirical evidence that SM is incomplete:
dark matter, baryon asymmetry, neutrino mass — at least two related to flavor

• NP flavor problem: TeV scale (hierarchy problem) ⌧ flavor & CPV scale
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– Many extensions of the SM have new sources of CP and flavor violation

– The observed baryon asymmetry of the Universe requires CPV beyond the SM
Not necessarily in flavor changing processes, nor necessarily in quark sector
Flavor suppression destroys KM baryogenesis; flavor matters for leptogenesis

• Flavor sector can be tested a lot better, many NP models have observable effects

ZL — p.3

Why do we study flavor physics? 

☛ Many extensions of the SM have new sources of CP and flavor violation
the observed baryon asymmetry of the Universe requires CPV beyond the 
SM. 

☛ Flavor sector can be tested a lot better, many NP models should have 
observable effects 



Why do we study flavor physics? 
Spectacular track record

• Searching for new physics via virtual effects has been extremely successful

• Flavor physics was crucial to figure out L
SM

:

– Absence of KL ! µµ predicted charm (Glashow, Iliopoulos, Maiani)

– ✏K predicted 3rd generation (Kobayashi & Maskawa)

– �mK predicted mc (Gaillard & Lee; Vainshtein & Khriplovich)

– �mB predicted large mt

• Likely to be important to figure out L
BSM

as well

• If new physics discovered, want to probe it in as many different ways as possible

[NB: for most accessible-scale NP, whether CP is violated or not is simply Im or Re part...]

Z L – p. 7



The Standard Model of Particle Physics
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Flavor and the Proliferation of Parameters

gauge sector

describes the gauge
interactions of the
quarks and leptons

parametrized by
3 gauge couplings

g1, g2, g3

Higgs sector

breaks electro-weak
symmetry and

gives mass to the
W± and Z bosons

2 free parameters
Higgs mass
Higgs vev

flavor sector

leads to masses and
mixings of the

quarks and leptons

22 free parameters
to describe the masses
and mixings of the quarks

and leptons

the flavor sector is the most puzzling part of the Standard Model
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Distinct Decay Pattern of the Quarks in the SM
in the Standard Model there are

no direct transitions
within up-type or down-type quarks

→ GIM mechanism
→ (Glashow, Iliopoulos, Maiani)

no flavor changing neutral currents
(FCNCs) at tree level

transitions among the generations
are mediated by theW± bosons
and their relative strength is

parametrized by the
Cabibbo-Kobayashi-Maskawa

(CKM) matrix

VCKM =

⎛

⎝

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

⎞

⎠
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Why do we study flavor physics? 

[CKMfitter, arXiv:1106.4041]



11

The standard model CKM fit

• The level of agreement between
the measurements is often misin-
terpreted

• Larger allowed region if the SM is
not assumed, more fit param’s

• Tree-level (Vub, �, etc.) vs. loop-
dominated measurements crucial
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• O(20%) NP contributions to most loop-level processes (FCNC) are still allowed

Z L – p. 8

Why do we study flavor physics? 

  The SM works well!

  The allowed region will become 
larger if the SM is not assumed.

  O(20%) NP contributions to the 
loop-level processes are still 
allowed.



Sensitivity to High Scales
Example: CP Violation in Kaon mixing

I Standard Model amplitude is loop suppressed and CKM suppressed
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NP Scale?



Flavor Changing Neutral Currents in the SM

In the SM, flavor changing neutral currents (FCNCs)
are absent at the tree level

FCNCs can arise at the loop level
they are suppressed by loop factors

and small CKM elements

b s
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→ measuring low energy flavor observables gives information
on new physics flavor couplings and the new physics mass scale
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Why do we study flavor physics? A New Physics Scale from Rare B Decays
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SM amplitude is
loop suppressed and
CKM suppressed

Generic NP
not necessarily
suppressed

I O(1) non-standard effects in
rare B decays correspond to
new physics in reach
of a 100 TeV collider
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the LHC depending on the actual value of tanβ. Finally, the reader should keep in mind the

possibility of accidental cancellations among the contribution of different operators, which

might weaken the bounds we obtained.

VI. CONCLUSIONS

We have presented bounds on the NP scale Λ obtained from an operator analysis of

∆F = 2 processes, using the most recent experimental measurements, the NLO formulae for

the RG evolution and the Lattice QCD results for the matrix elements. We have considered

four scenarios: MFV at small tan β, MFV at large tan β, NMFV and general NP with

arbitrary flavour structure. The lower bounds on the scale Λ of strongly-interacting NP for

NMFV and general NP scenarios (barring accidental cancellations) are reported in Fig. 7.

Taking the most stringent bound for each scenario, we obtain the bounds given in Table V.
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FIG. 7: Summary of the 95% probability lower bound on the NP scale Λ for strongly-interacting

NP in NMFV (left) and general NP (right) scenarios.

We conclude that any model with strongly interacting NP and/or tree-level contributions

is beyond the reach of direct searches at the LHC. Flavour and CP violation remain the

main tool to constrain (or detect) such NP models. Weakly-interacting extensions of the

SM can be accessible at the LHC provided that they enjoy a MFV-like suppression of

∆F = 2 processes, or at least a NMFV-like suppression with an additional depletion of the

NP contribution to ϵK .

2007

New Physics Bound

UTFit 0707.0636, 1411.7233 

An impressive progress on flavor bounds in last 10 years 
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Figure 3: Summary of the 95% probability lower bound on the NP scale Λ for strongly-
interacting NP in the general NP scenario (left) and in the NMFV scenario (right).
Results from all the neutral meson systems are shown.

flavour sector provides the possibility of indirect searches that remain a fundamental
tool to constrain (or detect) NP at scales higher that the LHC can provide.
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High Sensitivity to New Physics
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Why do we study flavor physics? 
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Where Do We Study Flavor Physics
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Where Do We Study Flavor Physics
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• Many measurements with direct BSM sensitivity improve by a factor 5–10 

LHCb 50/fb Summary 
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Clear physics cases 

 
Broad program, large improvements

Belle-II 50/ab Summary  
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58 HIGGS PHYSICS AT CEPC

Figure 2.7 Cross sections of main standard model processes of e+e� collisions as functions of center-of-mass
energy

p
s, where ISR effect is included. Calculated with Whizard.

efficiency is approximately 62% (22k signal events passing the selection) with a reduction in background1701

by nearly 3 orders of magnitude (48k background events surviving). The leading backgrounds after1702

event selection are ZZ, WW and Z� (ISR return) events. Using the Z ! µµ channel, the cross section1703

can be measured to a relative precision of 0.9%. For the Higgs mass measurement, the beam energy1704

spread (0.16% per beam, or equivalently, 350 MeV uncertainty per event) has comparable contribution1705

to the radiation effect and detector resolution. A precision of 6.5 MeV can be achieved.1706

The Z ! ee selection is based on simple cuts. Compared with the Z ! µµ decay, the Z ! ee1707

decay suffers from additional backgrounds from Bhabha, ee ! e⌫W and ee ! eeZ productions. They1708

dominate the background contributions after the event selection. The cuts select 27% signal events (10k1709

events) and 147k background events. The relative precision on the ZH cross section measurement is es-1710

timated to be 2.4% while an uncertainty of 17 MeV is predicted for the Higgs boson mass measurement.1711

A significant fraction (⇠ 10%) of electrons lose sizable energies through Bremsstrahlung radiations1712

before reaching the calorimeter, thus their energy measurements can be improved by including the ener-1713

gies of the photons inside a small cone around the electron tracks. With this improvement, the estimated1714

uncertainty on the ZH cross section measurement is expected to reach 2.1%.1715

114 FLAVOR PHYSICS AT CEPC

Table 4.1 The b�hadron fractions in Z decays are calculated by combining direct rate measurements performed
at LEP from HFAG [1]. The B+ and B0 mesons are assumed to be produced in equal amount at Z0 peak, and
the sum of the fractions is constrained to unity. The expected numbers of b�hadrons are estimated by assuming
an instantaneous luminosity of 8 ⇥ 1035cm�2s�1 at Z0 factory with two-year running at two collision points. For
comparison, we also list the number of b-hadrons at the Belle-II with an integrated luminosity of about 50 ab�1 at
⌥(4S) or ⌥(5S) peak. Bc production is neglected; in future studies one includes the latter.

b-hadron species Fraction Number Fraction Number
in decays of of b-hadron in ⌥(4S)/(5S) decays of b-hadron
Z0 ! b¯b at Z0 peak at ⌥(4S)/(5S)

B0

0.404 ± 0.009 22.0 ⇥ 10

10

0.486 ± 0.006 (⌥(4S)) 4.9 ⇥ 10

10

B+

0.404 ± 0.009 22.0 ⇥ 10

10

0.514 ± 0.006 (⌥(4S)) 5.1 ⇥ 10

10

Bs 0.103 ± 0.009 5.4 ⇥ 10

10

0.201 ± 0.030 (⌥(5S)) 0.6 ⇥ 10

10

b baryons 0.089 ± 0.015 4.8 ⇥ 10

10 � �

about impact of ND and its features. In particular there will be no competition from Belle II about the3102

decays of beauty baryons.3103

For charm hadrons one gets similar numbers: �(Z0 ! c̄c)/�(Z0

) ' 0.12. The number of produced3104

D0/ ¯D0/D±/Ds/D⇤± is about order of 10

10 at CEPC. No indirect CP violation has been found; it is3105

close what one ‘expects’ from the SM. Also no direct CPV have been found in D0, D+, D+

s , ⇤c etc.3106

decays. There are two classes that can be differentiated in the SM, namely singly and doubly Cabibbo3107

suppressed decays: in singly Cabibbo suppressed transitions (SCS) one expects a landscape of the order3108

O(10

�3

) and basically zero in doubly Cabibbo suppressed ones (DCS). Re-scatterings are expected to3109

produce large impacts as discussed below.3110

So far we have focus mostly on two-body hadronic FS for good reasons. Now we have to probe3111

many-body FS in �B 6= 0 6= �D; in particular we have a long history with tools to analyze Dalitz plots3112

with three-body FS. Which is the best definition of ‘regional’ ones, it depends – and needs judgment.3113

Furthermore it is crucial to measure FS with neutral hadrons.3114

Very rare decays from the class of B ! �Xs, �Xd and B ! l+l�Xs, l+l�Xd will be measured by3115

LHCb collaboration with exclusive ones and by Belle-II with inclusive ones in the future. It seems that3116

a Z0 factory can measure many-body hadronic FS including l = ⌧ , since high reconstruction efficiency3117

of ⌧ decays at high energy (strong boost) is expected from experiences at LEP.3118

Furthermore we can probe dynamics of pairs of ⌧ leptons. We talk about 6 ⇥ 10

10 of ⌧ pairs that3119

will been produced. Thus one can probe ⌧ CP asymmetries in both decays and productions of ⌧ leptons.3120

Any CPV in ⌧ sector will indicate physics beyond the SM (beyond CPV due to K0 � ¯K0 oscillations).3121

Electric dipole moments (EDM) and weak dipole moments of ⌧ can be studied with the processes3122

Z0 ! ⌧+⌧�
(�). In addition this Z0 factory will definitely improve the measurements of anomalous3123

magnetic moments of ⌧ lepton.3124

In Sect. 4.2 we discuss CP asymmetries in the decays of beauty hadrons and charm hadrons; we talk3125

about rare decays of B & D decays Sect. 4.3; we discuss CP violation in ⌧ decays in Sect. 4.4 and3126

charged lepton flavor violation in Sect. 4.5; we summarize in Sect. 4.6.3127

4.2 Beauty and Charm transitions3128

Beauty transitions The SM produces large CPV in the decays of B mesons [2]. Therefore we have to3129

probe FS with non-leading source. We have some examples about the difference between averaged vs.3130

regional ones as shown by LHCb data [3]. It is crucial to measure three- and four-body FS including3131

neutral hadrons and also probe ‘regional’ asymmetries; the best definitions need ‘judgment’.3132
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CepC will be a big Z-Factory & a flavor factory!



Flavor physics: old/new players 
in particle physics
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• Belle II is approaching  

• In Feb: e+ 
and e- injected and circulated in SuperKEKB rings 

• LHC is data-taking and   will be ungraded.

• CEPC is being pushed.

• Flavor physics will be in the second golden time in the following 20 years.

• I find  it interesting to think about: 

– What can be done with 10 -100 times more data, that has not been done? 

– What important/useful theoretical predictions have not been made? 

– New ideas? Room for major developments?

– What will be left for CepC and SppC after Belle-II and LHCb in flavor 
physics?
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Status of  Flavor Anomalies Status of flavor anomalies (subjective)

• Some would be unambiguous NP signals

Except for theoretically cleanest modes,
cross-checks needed to build robust case

– measurements of related observables

– independent theory / lattice calc.

• h ! ⌧µ: as soon as a new particle is dis-
covered, flavor questions arise

• Few of these are where NP was expected
to show up, even just 5–10 years ago 1 2 3 4

significance (σ)

f(
th

eo
re

ti
ca

l
cl

ea
n

lin
es

s)

h→τμ
B→Ke+e-/B→Kμ+μ-

D0 μμ CP asym
B→D(*)τν

Bd→μμ

B→K *μ+μ- angular

Bs→ϕμ+μ-

|Vcb| incl/excl

|Vub| incl/excl

g-2

ϵ'/ϵ

• Each could be an hour talk...
(Good illustrations of how little we know, and how large deviations from SM are still allowed)

Z L – p. 4

✔ Some would be unambiguous NP signals

✔Except for theoretically cleanest modes, 

cross-checks needed to build robust case 

– measurements of related observables 

– independent theory / lattice calc. 

✔ Few of these are where NP was expected 
to show up, even just 5–10 years ago 

✔ Each could be an hour talk...
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"    S.L. decays involving a τ± have an additional helicity amplitude (for D*τν) 
 
 
                                                                          
 

       For  Dτν, H+ and H� do not contribute! 
 
"     A charged Higgs (2HDM type II) of spin 0 coupling to the τ will only affect Hs  
                                                                                                                 
                                                                                              -   for Dτν
                                                                                                   +  for D*τν

 This could enhance or decrease the BF, depending on tanβ/mH 
 
  
 
 

                                                                                      
   

B → D(*) τ ν Decays 

7 

Z. Phys, C46, 93 (1990) 

PRD 78, 015006 (2008) 
PhD 85, 094025 (2012) H2HDM

s = HSM
s ⇥

 
1� tan2 �

m2
H

q2

1⌥ mc
mb

!



A charged Higgs(2HDM type II)of spin0 coupling to the τ will only affect HS 

H2HDM
s = HSM

s ⇥
 
1� tan2 �

m2
H

q2

1⌥ mc
mb

!

We estimate the effect of 2HDM, accounting 
for difference in signal yield and efficiency. 

The data match 2HDM Type II contribution 
at 

tanβ/mH= 0.44 ± 0.02 for R(D)  

tanβ/mH= 0.75 ± 0.04 for R(D*) 

In other words, found NP but killed the 2HDM NP model.

The B → D(∗)τ ν  ̄Anomaly
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The B → D(∗)τ ν  ̄AnomalyThe highest � deviation from the SM

• Belle & LHCb results on the anomaly seen by BaBar in R(X) =

�(B ! X⌧⌫̄)

�(B ! X(e/µ)⌫̄)

R(D) R(D⇤
)

BaBar 0.440 ± 0.058 ± 0.042 0.332 ± 0.024 ± 0.018

Belle 0.375 ± 0.064 ± 0.026 0.293 ± 0.038 ± 0.015

LHCb 0.336 ± 0.027 ± 0.030

Average 0.391 ± 0.050 0.322 ± 0.022

my SM expectation 0.300 ± 0.010 0.252 ± 0.005

Belle II, 50/ab ±0.010 ±0.005
R(D)

0.2 0.3 0.4 0.5 0.6

R
(D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5
BaBar, PRL109,101802(2012)
Belle, arXiv:1507.03233
LHCb, arXiv:1506.08614
Average

 = 1.02χ∆

SM prediction

HFAG

EPS 2015

) = 55%2χP(

HFAG
Prel. EPS2015

New last week: Belle semileptonic tag, R(D⇤
) = 0.302 ± 0.030 ± 0.011 [1603.06711, today]

New last week: Slightly reduce WA, higher significance (no HFAG update yet, correlations)

SM predictions: heavy quark symmetry + lattice QCD, only R(D) [1503.07237, 1505.03925]

• Unexpected to see such an effect in a large tree-level SM rate

• Need NP at fairly low scales: leptoquarks, W 0, etc., likely visible in LHC Run 2

Z L – p. 6

[1603.06711]
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B ! D(⇤)⌧ ⌫̄
An R(X) reminder

R(X) =
�(B ! X⌧ ⌫̄)
�(B ! X`⌫̄)

original goal: 2HDM H±

• deviation first seen at BaBar, later results from Belle and LHCb
BaBar/Belle full datasets ⌧ ! `⌫⌫̄ to minimize lepton reco systematics

R(D) R(D⇤)
BaBar 0.440 ± 0.058 ± 0.042 0.332 ± 0.024 ± 0.018

Belle (B
(had)
tag ) 0.375 ± 0.064 ± 0.026 0.293 ± 0.038 ± 0.015

Belle (B
(`)
tag ) 0.302 ± 0.030 ± 0.011

LHCb 0.336 ± 0.027 ± 0.030
Exp. average 0.397 ± 0.040 ± 0.028 0.316 ± 0.016 ± 0.010

SM expectation 0.300 ± 0.010 0.252 ± 0.005
Belle II, 50/ab ±0.010 ±0.005

R(D)
0.2 0.3 0.4 0.5 0.6

R(
D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5
BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, arXiv:1603.06711

) = 67%2χHFAG Average, P(
SM prediction

 = 1.02χ∆

R(D), PRD92,054510(2015)
R(D*), PRD85,094025(2012)

HFAG
Prel. Winter 2016

I clean SM observables: heavy quark symmetry relates FFs
Caprini, Lellouch, Neubert, hep-ph/9712417

cancellation of hadronic uncertainties, |Vcb| in ratios
lattice QCD for R(D) only [MILC, 1503.07237; HPQCD, 1505.03925]

I R(D) — 1.9�, R(D⇤) — 3.3�
total significance — 4.0� largest deviation from SM right now!

• similar ratios before Belle II: LHCb: R(D)? ⇤b ! ⇤(⇤)
c ⌧ ⌫̄?

BaBar/Belle: hadronic ⌧ decays?

4/ 18



The B → D(∗)τ ν  ̄Anomaly
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The B → K∗μ+μ− Anomaly 

•Statistical fluctuation

•Underestimated SM uncertainties? 
(Khodjamirian,Jager, Martin, Camalich, Lyon, 
Zwicky,Descotes-Genon,Wolfgang 
Altmannshofer, YL, ... ) 

•New Physics?

 

27

• Cross checks: different regions of phase space, also study in Bs and Λb decays? 

 differenceLF
-1 -0.5 0 0.5 1

SM uncertainty

LHCb

CMS

BaBar

Belle

CDF

 differenceFBA
-1 -0.5 0 0.5 1

SM uncertainty

LHCb

CMS

BaBar

Belle

CDF

Figure 10: Fraction of longitudinal polarisation FL of the K⇤ system, FL, and dilepton system forward-backward asymmetry
AFB measured by the BaBar [217], Belle [190], CDF [218], CMS [219] and LHCb [205] collaborations in the dimuon mass
squared range 1 < q2 < 6GeV2. The SM central values for the observables has been subtracted using the SM predictions from
Ref. [117].

]4c/2 [GeV2q
0 5 10 15

5'P
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0.5
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(1
S)

ψ/J

(2
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ψ

LHCb data
Belle data
SM from DHMV
SM from ASZB

Figure 11: Optimised observable P 0
5 measured by the Belle [215] and LHCb [205] collaborations as a function of dimuon

invariant squared, q2. The data overlay SM predictions from Refs. [212] (DHMV) and Refs. [117, 175] (ASZB). No predictions
are included close to the narrow charmonium resonances where the SM calculations are thought to break down.

and the ⇤ decay angle (the equivalent to cos ✓K). In the 15 < q2 < 20 GeV2 region LHCb measures [221].

AFB = �0.05 ± 0.09stat ± 0.03syst

Ah
FB = �0.29 ± 0.07stat ± 0.03syst

These are reasonably consistent with SM expectation of

ASM
FB = �0.350 ± 0.013

Ah,SM
FB = �0.271 ± 0.009

from Ref. [188] that uses form-factors from Lattice QCD. However, it should be noted that at present no
dilepton system forward-backward AFB is seen.
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“The Bs ! �µ+µ� Anomaly”

LHCb 1506.08777

branching ratio is 3.5� below SM prediction for 1 GeV2 < q2 < 6 GeV2

Wolfgang Altmannshofer (UC) Theoretical Advances in Flavor Physics January 14, 2016 20 / 34

The Bs →Φμ+μ− Anomaly 
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J
H
E
P
0
6
(
2
0
1
6
)
0
9
2

[0.1, 2] 1.29± 1.11 1.12± 0.27 +0.1

[2, 4] 0.70± 0.47 1.12± 0.32 −0.7

[4, 6] 0.79± 0.58 0.50± 0.20 +0.5

[6, 8] 0.95± 0.76 0.66± 0.22 +0.4

[15, 19] 2.05± 0.18 1.60± 0.32 +1.2

107 ×BR(Bs → φµ+µ−) Prediction Experiment Pull

[0.1, 2.] 1.71± 0.34 1.11± 0.16 +1.6

[2., 5.] 1.58± 0.25 0.77± 0.14 +2.8

[5., 8.] 1.81± 0.32 0.96± 0.15 +2.4

[15, 18.8] 1.74± 0.13 1.62± 0.20 +0.5

FL(B → K∗µ+µ−) Prediction Experiment Pull

[0.1, 0.98] 0.19± 0.22 0.26± 0.05 −0.3

[1.1, 2.5] 0.58± 0.32 0.66± 0.09 −0.2

[2.5, 4] 0.70± 0.28 0.88± 0.11 −0.6

[4, 6] 0.67± 0.31 0.61± 0.06 +0.2

[6, 8] 0.61± 0.33 0.58± 0.05 +0.1

[15, 19] 0.34± 0.03 0.34± 0.03 −0.1

P1(B → K∗µ+µ−) Prediction Experiment Pull

[0.1, 0.98] 0.03± 0.07 −0.10± 0.17 +0.7

[1.1, 2.5] −0.00± 0.05 −0.45± 0.64 +0.7

[2.5, 4] −0.01± 0.05 0.57± 2.40 −0.2

[4, 6] 0.00± 0.09 0.18± 0.37 −0.5

[6, 8] 0.00± 0.12 −0.20± 0.28 +0.7

[15, 19] −0.64± 0.05 −0.50± 0.11 −1.2

P2(B → K∗µ+µ−) Prediction Experiment Pull

[0.1, 0.98] 0.11± 0.02 0.00± 0.05 +2.0

[1.1, 2.5] 0.43± 0.03 0.37± 0.20 +0.3

[2.5, 4] 0.38± 0.07 0.64± 1.74 −0.1

[4, 6] 0.06± 0.12 −0.04± 0.09 +0.7

[6, 8] −0.19± 0.10 −0.24± 0.06 +0.4

[15, 19] −0.31± 0.02 −0.36± 0.03 +1.4

P3(B → K∗µ+µ−) Prediction Experiment Pull

[0.1, 0.98] −0.00± 0.00 −0.11± 0.08 +1.4

[1.1, 2.5] 0.00± 0.00 −0.35± 0.33 +1.1

[2.5, 4] 0.00± 0.00 −0.75± 2.59 +0.3

[4, 6] 0.00± 0.00 −0.08± 0.19 +0.5

[6, 8] 0.00± 0.00 −0.06± 0.15 +0.4

[15, 19] 0.00± 0.02 −0.08± 0.06 +1.3

P ′
4(B → K∗µ+µ−) Prediction Experiment Pull

– 54 –

Descotes-Genon, Matias, Virto arXiv:1510.04239 



“The RK Anomaly”
LHCb 1406.6482

2.6� hint for violation of lepton flavor universality (LFU)

RK =
BR(B ! Kµ+µ�)[1,6]
BR(B ! Ke+e�)[1,6]

= 0.745+0.090
�0.074 ± 0.036

Wolfgang Altmannshofer (UC) Theoretical Advances in Flavor Physics January 14, 2016 21 / 34

The Bs →Φμ+μ− Anomaly The RK Anomaly
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LHCb [PRL113 (2014) 151601 ] 

BaBar [PRD 86 (2012) 032012] 

Belle [PRL 103 (2009) 171801] 
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A number of rare decay observables deviate from SM expectations.

More TensionsTensions in rare decay data
A number of rare decay observables deviate from SM expectations.

Several global fits find significances up to 4 sigma.

Significances depend on treatment of several nonperturbative effects

- Prospects with HL upgrade?

- Cross checks?  Both for experiment and theory.

- Consistent BSM interpretations?

Decay obs. q2 bin SM pred. measurement pull

B̄0 ! K̄⇤0µ+µ� 107 dBR
dq2

[2, 4.3] 0.44± 0.07 0.29± 0.05 LHCb +1.8

B̄0 ! K̄⇤0µ+µ� 107 dBR
dq2

[16, 19.25] 0.47± 0.06 0.31± 0.07 CDF +1.8

B̄0 ! K̄⇤0µ+µ� FL [2, 4.3] 0.81± 0.02 0.26± 0.19 ATLAS +2.9

B̄0 ! K̄⇤0µ+µ� FL [4, 6] 0.74± 0.04 0.61± 0.06 LHCb +1.9

B̄0 ! K̄⇤0µ+µ� S5 [4, 6] �0.33± 0.03 �0.15± 0.08 LHCb �2.2

B� ! K⇤�µ+µ� 107 dBR
dq2

[4, 6] 0.54± 0.08 0.26± 0.10 LHCb +2.1

B̄0 ! K̄0µ+µ� 108 dBR
dq2

[0.1, 2] 2.71± 0.50 1.26± 0.56 LHCb +1.9

B̄0 ! K̄0µ+µ� 108 dBR
dq2

[16, 23] 0.93± 0.12 0.37± 0.22 CDF +2.2

Bs ! �µ+µ� 107 dBR
dq2

[1, 6] 0.48± 0.06 0.23± 0.05 LHCb +3.1

B ! Xse+e� 106 BR [14.2, 25] 0.21± 0.07 0.57± 0.19 BaBar �1.8

Table 1: Observables where a single measurement deviates from the SM by 1.8� or more. The
full list of observables is given in appendix B.

For the B0 ! K⇤0µ+µ� observables at low q2, we choose the smallest available bins satisfying
this constraint, since they are most sensitive to the non-trivial q2 dependence of the angular
observables. For Bs ! �µ+µ�, we use the [1, 6] GeV2 bin, since the branching ratio does
not vary strongly with q2 and since the statistics is limited. In the high q2 region, we always
consider the largest q2 bins available that extend to values close to the kinematical end point.
All the experimental measurements used in our global fits are listed in appendix B along with
their theory predictions. All theory predictions are based on our own work and on [16], except
the Bs ! µ+µ�, B ! Xs� and B ! Xs`+`� branching ratios that we take from [65], [66]
and [67]5, respectively. In the case of the SM prediction for BR(Bs ! µ+µ�) we rescale the
central value and uncertainty obtained in [65], to reflect our choice of Vcb (see section 3.2.2
below).

3.2. Compatibility of the data with the SM

Evaluating (15) with the Wilson coe�cients fixed to their SM values, we obtain the total �2 of
the SM. Including both b ! sµ+µ� and b ! se+e� observables, we find �2

SM ⌘ �2(~0) = 125.8
for 91 independent measurements. This corresponds to a p-value of 0.9%. Including only
b ! sµ+µ� observables, we find �2

SM = 116.9 for 88 independent measurements, corresponding
to a p-value of 2.1%. In table 1, we list the observables with the largest deviation from the SM
expectation. The full list of observables entering the �2, together with the SM predictions and
experimental measurements, is given in appendix B. We note that some of these observables
have strongly correlated uncertainties and that for two of the observables, AFB and FL, there
is some tension between di↵erent experiments. Still, there does seem to be a systematic

5Note also the recent update [68] which appeared after our analyses had been completed. We expect the
changes to be much smaller than the experimental uncertainty.

11

Descotes-Genon et al
Altmannshofer, Straub
Hurth, Mahmoudi
SJ, Martin Camlich

From  Altmannshofer, Straub
1411.3161v3

Wednesday, 13 May 15

Significances depend on treatment of several nonperturbative effects.

1411.3161

Descotes-Genon, Altmannshofer, Straub Hurth, Mahmoudi,Martin Camlich, Lu, Wang,YL,….



What Could They Be ?

31

What Could It Be?

branching angular LFU
ratios observables ratios

millisecond ? ? ?pulsars?

statistical p p p
fluctuations?

parametric p ⇥ ⇥uncertainties?

underestimated p p ⇥hadronic effects?

New Physics?
p p p

Wolfgang Altmannshofer (UC) Theoretical Advances in Flavor Physics January 14, 2016 22 / 34
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• On the horns of a dilemma - 3σ deviations from the SM

20

Estia Eichten                                                                                                                                                              Fermilab                     

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

…

What Could They Be ?
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NP Models

Possible New Physics to explain these anomalies 

– Z’ Models 

    U. Haisch, W. Altmannshofer A. Cvrivellin, X-Q,Li, X-G He, Y.LI… 

– Extended Higgs Sector  

    J. Heeck,  A. Greljo, A. Crivellin,… 

– Leptoquarks   

    M. Bauer, M. Neubert, L. Calibbi, …. 

– More complete models:  

   2HDM with gauged L𝜏 -Lµ 

   2HDM-X: one higgs couples to quarks, one to leptons  

-Model independence analysis



Consider redundant set of operators

• Fits to different fermion orderings convenient to understand allowed mediators

Usually only the first 5 operators considered, related by Fierz from dim-6 terms, others from dim-8 only+

Z L – p. 9

Consider redundant set of  operators 

34

SM

Data Operator Analysis Model VerifyModel Building

Freytsis,et.al, 1506.08896



Possible Models
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Operator fits ! viable / sensible models

• Good fits for several mediators: scalar, “Higgs-like” (1, 2)

1/2

Good fits for several mediators: vector, “W 0-like” (1, 3)

0

Good fits for several mediators: “scalar leptoquark” (

¯

3, 1)

1/3

or (

¯

3, 3)

1/3

Good fits for several mediators: “vector leptoquark” (3, 1)

2/3

or (3, 3)

2/3

• If there is NP within reach, its flavor structure must be highly non-generic

Surprising if only BSM operator had (

¯bc)(⌧̄ ⌫) structure

• Minimal flavor violation (MFV) is probably a useful starting point

Global U(3)Q ⇥ U(3)u ⇥ U(3)d flavor sym. broken by Yu ⇠ (3, ¯3,1), Yd ⇠ (3,1, ¯3)

• Which BSM scenarios can be MFV? [Freytsis, ZL, Ruderman, 1506.08896]

Not scalars, nor vectors, possibly viable LQ: scalar S(1,1, 3̄) or vector Uµ(1,1,3)

Bounds: b ! s⌫⌫̄, D0 & K0 mixing, Z ! ⌧+⌧�, LHC contact int., pp ! ⌧+⌧�, etc.

Z L – p. 13

Operator fits ! viable / sensible models

• Good fits for several mediators: scalar, “Higgs-like” (1, 2)

1/2

Good fits for several mediators: vector, “W 0-like” (1, 3)
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¯
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¯
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• If there is NP within reach, its flavor structure must be highly non-generic

Surprising if only BSM operator had (

¯bc)(⌧̄ ⌫) structure

• Minimal flavor violation (MFV) is probably a useful starting point

Global U(3)Q ⇥ U(3)u ⇥ U(3)d flavor sym. broken by Yu ⇠ (3, ¯3,1), Yd ⇠ (3,1, ¯3)

• Which BSM scenarios can be MFV? [Freytsis, ZL, Ruderman, 1506.08896]

Not scalars, nor vectors, possibly viable LQ: scalar S(1,1, 3̄) or vector Uµ(1,1,3)

Bounds: b ! s⌫⌫̄, D0 & K0 mixing, Z ! ⌧+⌧�, LHC contact int., pp ! ⌧+⌧�, etc.

Z L – p. 13

[1506.08896]

b s

µ+µ�

LQ



Many signals, tests, consequences

• LHCb, maybe soon: measure R(D)? use hadronic ⌧? measure ⇤b ! ⇤

(⇤)

c ⌧⌫?

Ratios of c/u besides ⌧/µ? e.g.: ⇤b ! ⇤⌧ ⌫̄, B ! ⇡⌧ ⌫̄, B ! ⇢⌧ ⌫̄?

• longer term: refine R(D(⇤)

) and spectra; attempt inclusive (Belle II?)

– Smaller theor. error in [d�(B ! D(⇤)⌧ ⌫̄)/dq2

]/[d�(B ! D(⇤)l⌫̄)/dq2

] at same q2

– Improve bounds on B(B ! K(⇤)⌫⌫̄); B(Bs ! ⌧+⌧�
) ⇠ 10

�3 possible?

– B(D ! ⇡⌫⌫̄) ⇠ 10

�5 possible, maybe BES III; enhanced B(D ! µ+µ�
)

• ATLAS & CMS: several extensions to current searches would be interesting

– Searches for t⌧ and b⌧ resonances

– Extensions of stop/sbottom searches to higher prod. cross sections (t⌫ and b⌫)

– Searches for states appearing on-shell in t- but not in s-channel

– Enhanced h ! ⌧+⌧� rate (and t ! b⌧ ⌫̄ and/or t ! c⌧+⌧�)

Z L – p. 20

Many signals, tests, consequences 

36
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  SUSY

  String Models

  E6 Models 

  U Boson Model

  Grand Unitary Theory 

The effect of Z’ on flavor physics have been 
discussed for many years.

G.Valencia, X.G He, C.W Chiang, T. Liu, C.S Kim,
….. 

Example-1: Models with Flavor 
Changing Z’ Boson 



Models with Flavor Changing Z 0

parametrization of generic Z 0 couplings (Buras et al. ’12/’13)

L � f̄i�µ
h
�

fi fj
L PL +�

fi fj
R PR

i
fj Z 0

µ

µ+

µ−

bL

sL

Z ′

want vectorial coupling to muons: �µµ
L = �µµ

R = 1
2�

µµ
V

CNP
9 = �

�bs
L �µµ

V
VtbV ⇤

ts

v2

M2
Z 0

4⇡2

e2 ' �
�bs

L �µµ
V

VtbV ⇤
ts

(5 TeV)2

M2
Z 0

Wolfgang Altmannshofer (PI) B Physics Anomalies and a 100 TeV Collider March 4, 2015 10 / 23

Example-1: Models with Flavor 
Changing Z’ Boson 

38



Constraints from Bs Mixing

bL

sL

bL

sL

Z ′

I flavor changing Z 0 contributes also to Bs mixing at tree level

M12

MSM
12

� 1 =
v2

M2
Z 0
(�bs

L )2
✓

g2
2

16⇡2 (VtbV ⇤
ts)

2S0

◆�1

I constraint on the Z 0 mass and the flavor changing coupling
(allowing for 10% NP in Bs mixing)

MZ 0

|�bs
L |

& 244 TeV ' 10 TeV
|VtbV ⇤

ts|

Wolfgang Altmannshofer (PI) B Physics Anomalies and a 100 TeV Collider March 4, 2015 11 / 23

Z’Boson in Bs-Mixing

39



Lµ � L⌧ and Lepton Flavor Universality

µ+

µ−

bL

sL

Q
Z ′

⟨φ⟩

⟨φ⟩

+g′

τ+

τ−

bL

sL

Q
Z ′

⟨φ⟩

⟨φ⟩

−g′

I the Z 0 model based on gauged Lµ � L⌧ predicts:

1) opposite effects in the µ+µ� and ⌧+⌧� final state
2) no effect in the e+e� final state

! prediction for LFU observables, e.g. ratios of branching ratios:

RK =
BR(B ! Kµ+µ�)[1,6]
BR(B ! Ke+e�)[1,6]

' 0.82 ± 0.11 (RSM
K ' 1)

! model passed the first test (LHCb Collaboration arXiv:1406.6482)

RK = 0.745+0.090
�0.074 ± 0.036

Wolfgang Altmannshofer (PI) B Physics Anomalies and a 100 TeV Collider March 4, 2015 20 / 23

Example-2:A Model Based on Gauged Lμ − Lτ 

New vector quark will be introduced

40

W. Altmannshoher, et,al, 1403.1269 
A. Crivellin, et.al, 1501.00993
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BSM Explanations
BSM Explanations 

• Concludes: 

• Possible new signals BSM 

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

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

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

Estia Eichten                                                                                                                                                              Fermilab                     

Beauty 2016                                                                                                                                                          6 May 2016                     40

Andreas Crivellin 

b -> s µ+µ-

Z’ gauge boson Leptoquarks

B -> D(*) # ν 

a(g-2)µ

Extended Higgs sector

h -> #µ
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Other recent highlights 

Beauty 2016                                                                                                                                                          6 May 2016                     

• 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

Estia Eichten                                                                                                                                                              Fermilab                     

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
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Puzzle of  inclusive vs exclusive measures of  CKM

M. Artuso, EPS 2015 

• Exclusive data consistent with each other and with indirect determination of |Vub|. 

•  New physics in |Vub| from inclusive measurement? 
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Lepton flavour violating b hadron decays 

Table 7: Summary of experimental searches for lepton flavour violating decay modes.

Mode BR upper limit Ref.
B0 ! µ⌥e± < 2.8 ⇥ 10�9 at 90% CL [269]
B0 ! ⌧⌥e± < 2.8 ⇥ 10�5 at 90% CL [270]
B0 ! ⌧⌥µ± < 2.2 ⇥ 10�5 at 90% CL [270]
Bs ! µ⌥e± < 1.1 ⇥ 10�8 at 90% CL [269]

B+ ! K+µ⌥e± < 9.1 ⇥ 10�8 at 90% CL [271]
B+ ! K⇤+µ⌥e± < 1.4 ⇥ 10�6 at 90% CL [271]
B+ ! K+⌧⌥e± < 3.0 ⇥ 10�5 at 90% CL [272]
B+ ! K+⌧⌥µ± < 4.8 ⇥ 10�5 at 90% CL [272]
B+ ! ⇡+µ⌥e± < 1.7 ⇥ 10�7 at 90% CL [273]
B+ ! ⇡+⌧⌥e± < 7.5 ⇥ 10�5 at 90% CL [272]
B+ ! ⇡+⌧⌥µ± < 7.2 ⇥ 10�5 at 90% CL [272]
B0 ! K0µ⌥e± < 2.7 ⇥ 10�7 at 90% CL [271]
B0 ! ⇡0µ⌥e± < 1.4 ⇥ 10�7 at 90% CL [273]

B0 ! K⇤0µ⌥e± < 5.8 ⇥ 10�7 at 90% CL [271]

The LHCb experiment has published a search for a hidden-sector boson � produced in the decay B0 !
K⇤0� with K⇤0 ! K+⇡� and � ! µ+µ� based on 3 fb�1 [264]. No evidence for a signal is observed, and
upper limits are placed on BR(B0 ! K⇤0�) ⇥ BR(� ! µ+µ�) as a function of mass and lifetime of the �
boson. These limits are of the order of 10�9 for � lifetimes less than 100 ps and for mµµ < 1 GeV.

7. Lepton flavour and lepton number violating b hadron decays

7.1. Lepton flavour violating b hadron decays

Lepton flavour violating decays are forbidden modes in the SM as they violate charged lepton family
numbers that are accidentally conserved in the SM in the absence of neutrino masses. However, lepton flavour
is not associated with a fundamental conservation law in the SM and in fact the existence of neutrino mixing
explicitly requires that lepton flavour is not conserved in the neutrino sector. This in turn implies lepton
flavour violation (LFV) in the charged lepton sector as well, via loop processes which contain neutrinos.
However, the expected rate for such processes is many orders of magnitude below the current or foreseen
experimental sensitivity to these decay modes.

Observation of LFV in B decays would therefore be an unambiguous evidence for physics beyond the
SM. These decays are allowed in some scenarios beyond the SM that include models with heavy singlet
Dirac neutrinos [265], supersymmetric models [266], and the Pati-Salam model [267]. In models with Higgs-
mediated LFV, modes with heavier leptons generally are expected to exhibit larger LFV than modes with
lighter leptons. For example, in the general flavour-universal MSSM, the branching fractions allowed for
B0 ! `±⌧⌥ are ⇠ 2 ⇥ 10�10 [268].

As described earlier, experimental searches for modes containing ⌧ leptons in the final state tend to be
more di�cult due to the multiple decay modes of the ⌧ and missing energy resulting from the presence of
one or more neutrinos. Consequently, experimental limits on µ � e LFV modes tend to be more stringent
than ⌧ � e or ⌧ � µ. The current best experimental limits on the LFV modes B0

(s) ! e±µ⌥ come from

the LHCb collaboration [269], BR(B0
s ! e±µ⌥) < 1.1 ⇥ 10�8 and BR(B0 ! e±µ⌥) < 2.8 ⇥ 10�9 at

90% CL, and supersede the results from CDF from Run II at the Tevatron [83]. The BaBar collaboration

has performed a search for B0 ! ⌧±`⌥ (with ` = µ or e) based on a data sample of 378 million B0B
0

pairs [270]. No significant signal is seen in either mode and limits of BR(B0 ! ⌧±e⌥) < 2.8 ⇥ 10�5 and
BR(B0 ! ⌧±µ⌥) < 2.2⇥10�5 at 90 % CL are obtained. A summary of the limits for lepton flavour violating
modes is reported in Table 7. The best upper limits on semileptonic modes come from BaBar [271–273].
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1http://indico.cern.ch/conferenceDisplay.py?confId=29335
Francesco Dettori (Università di Cagliari and INFN) LFV decays in LHCb LNF Spring School (15/05/2008) 8 / 20
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Still not allowed at tree level in SUSY: allowed including loops
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Current experimental bound: BR(B0
s

! µ±⌧⌥) < 2.2 · 10�5 (BaBar)4

Note: within this frame B0
d,s ! e±µ⌥is constrained by µ! e� decay below

experimental sensitivity.

3arXiv:hep-ph/0209207v1
4http://indico.cern.ch/conferenceDisplay.py?confId=29335

Francesco Dettori (Università di Cagliari and INFN) LFV decays in LHCb LNF Spring School (15/05/2008) 13 / 20
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Lepton number violating b hadron decays 

Table 8: Summary of experimental searches for lepton number violating decay modes.

Mode BR upper limit Ref.
B+ ! ⇡�e+e+ < 2.3 ⇥ 10�8 at 90% CL [281]
B+ ! K�e+e+ < 3.0 ⇥ 10�8 at 90% CL [281]
B+ ! ⇡�µ+µ+ < 4.0 ⇥ 10�9 at 95% CL [282]
B+ ! K�µ+µ+ < 4.4 ⇥ 10�8 at 90% CL [283]
B+ ! D�e+e+ < 2.6 ⇥ 10�6 at 90% CL [284]
B+ ! D�µ+e+ < 1.8 ⇥ 10�6 at 90 % CL [284]
B+ ! D�µ+µ+ < 6.9 ⇥ 10�7 at 95% CL [285]
B+ ! D⇤�µ+µ+ < 2.4 ⇥ 10�6 at 95% CL [285]
B+ ! D�

s µ
+µ+ < 5.8 ⇥ 10�7 at 95% CL [285]

7.2. Lepton number violating b hadron decays

In a similar fashion to lepton flavour, lepton number is not protected by any fundamental conservation
law. It can be explicitly violated if neutrinos are of Majorana type, i.e. if they are their own antiparticles.
In fact, neutrino oscillations as a result of non-zero neutrino masses hint at the existence of new degrees of
freedom such as right-handed Majorana neutrinos which can provide an elegant way to incorporate non-zero
neutrino masses through the seesaw mechanism [274–278]. The smallness of the neutrino masses could be
driven by either the existence of super-heavy Majorana neutrinos, which have O(1) Yukawa couplings, or
by the existence of Majorana neutrinos with masses at the Fermi scale but with Yukawa couplings smaller
than that of the electron. Consequently, searches for lepton number violation (LNV) can provide insight
into the nature of neutrinos.

Lepton number violating processes can occur in meson decays into two like-sign leptons and another
meson:

M+
1 ! `+`+M�

2 (94)

where the process occurs mostly via the diagram shown in Fig. 14 where N is the Majorana neutrino. For
a heavy sterile Majorana neutrino with a mass of a few GeV, the s-channel process is expected to give
the dominant contribution. If this decay is the result of the exchange of a Majorana neutrino, then the
reconstructed invariant mass of the hadron h with the opposite-sign lepton, mh+`� , can be related to the
Majorana neutrino mass [279, 280]. Note that it is possible for virtual Majorana neutrinos of any mass to
contribute to this decay.

W

+

!+

u

"

"

N
W

b

B

Figure 14: Diagrams for the lepton number violating decay B+ ! ⇡�`+`+ mediated by a Majorana neutrino in the s-channel.

Searches for lepton number violating modes have been performed in numerous experiments. Table 8
summarises the world best upper limit on lepton-number violating B decays. BaBar reports a search for the
LNV decays B+ ! h�`+`+ (where h = K;⇡) based on 471 million BB pairs [281]. No significant signals
are observed, and branching fraction upper limits are determined in the range [2, 11]⇥ 10�8 at the 90% CL.

Since b ! c decays are in general favoured over charmless B decays, it is interesting to extend the search
for lepton number violating processes to B+ ! X�

c `+`+ decays, where X�
c is any charmed hadron that has

the opposite charge to the leptons. Using a sample of 772 million BB pairs, Belle reports a measurement of
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process is dominated by the annihilation diagram shown in Fig.2(a) as the in-
termediate neutrino can be on-shell and has a resonantly enhanced effect, while
the contribution from the emission diagram in Fig.2(b) is small enough and can
be neglected [17]. Omitting the light charged lepton mass, one can obtain the
corresponding decay branching ratio as follows

B(B− → π+ℓ−ℓ−) =
τBG4

F f
2
Bf

2
π

128π2
|VubV

∗
ud|2|VℓN |4

mBm5
τ

2Γτ

×
(

1−
m2

π

m2
N

)2 (

1−
m2

N

m2
B

)2

. (14)

3. Numerical Analysis

Table 2: The form factors obtained by light cone sum rule and the fitted parameters for
z-series parameterization [34].

fBπ
+ (0) b+1 fBπ

0 (0) b01 fBπ
T (0) bT1

0.275 -2.037 0.275 -2.808 0.293 -1.780

In order to estimate the SM contribution as precisely as possible, we adopt
the following simplified Boyd-Grinstein-Lebed (BGL) version [35] of z-series
parameterization forms,

fBπ
+(T )(q

2) =
fBπ
+(T )(0)

1− q2/m2
B∗

{

1 + b+(T )
1

[

z(q2, t0)− z(0, t0)

+
1

2

(

z(q2, t0)
2 − z(0, t0)

2
)]

}

, (15)

fBπ
0 (q2) = fBπ

0 (0)

{

1 + b01

(

z(q2, t0)− z(0, t0)
)

}

, (16)

wheremB∗ = 5.325 GeV denotes the mass of the vector meson B∗. fBπ
+(T )(0) and

fBπ
0 (0) are B → π form factors at q2 = 0. These form factors can be obtained
by the light cone sum rules. The corresponding values are listed in Tab.2. The
function z(q2, t0) has the following form,

z(q2, t0) =

√

t+ − q2 −
√
t+ − t0

√

t+ − q2 +
√
t+ − t0

, (17)

with the auxiliary parameters t± = (mB±mπ)2 and t0 = t+−
√

(t+ − t−)(t+ − q2min).
In our numerical calculations, the CKM matrix elements are obtained by the
Wolfenstein parametrization with λ = 0.22535, A = 0.817, ρ̄ = 0.136 and
η̄ = 0.348. The other parameters used in this paper are collected in Tab.3.

By analyzing B− → π−µ+µ− process and comparing our numerical results
with LHCb experiment data, we obtain the contour plot for the Majorana neu-
trino mass mN and the VµN which is the mixing parameter between µ and the

6

Table 3: Parameters used in our numerical calculation and the values taken from PDG [36].

α 1/137 mu 2.3 MeV
GF 1.16637× 10−5 GeV−2 md 4.8 MeV
τB 1.641 ps mc 1.275 GeV
Γτ 2.3× 10−12 GeV mτ 1.777 GeV
fπ 130.4 MeV mπ 0.13957 GeV
fB 194 MeV mB 5.279 GeV

95! C.L.

68! C.L.

the best fit

1 2 3 4 5
10"4

10"3

10"2

10"1

1

mN !GeV"

#V
Μ
N
2

Figure 3: Contour plot obtained from B−

→ π−µ+µ− for the Majorana Neutrino mass and
the mixing parameter between the light flavour µ and the Majorana neutrino N .

Majorana neutrino N . The results are displayed in Fig.3. The region above
(below) the dashed line is excluded (allowed) by LHCb with B → πµ+µ− at
95% C.L.. The dot-dashed line is the boundary at 68% C.L.. The solid line
denotes the best fit for |VµN |2 and mN . One can notice from the solid line that
at mN = 3 GeV, |VµN |2 ≈ 2.5 × 10−4. Using the best fit for |VµN |2 and mN ,
we have the branching ratio for the LNV decay B− → π+µ−µ−,

B(B− → π+µ−µ−) = 6.5× 10−10. (18)

This result agrees with LHCb data [23]

Bexp(B
− → π+µ−µ−) ≤ 4.0× 10−9 at 95% C.L. (19)

The CP violation effect is too small to be observed, so that B(B+ → π−µ+µ+) =
B(B− → π+µ−µ−) = 6.5× 10−10.

7

Wang,Si 1407.2468
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Charged lepton flavor violation

• SM predicted lepton flavor conservation with m⌫ = 0

Given m⌫ 6= 0, no reason to impose it as a symmetry

• If new TeV-scale particles carry lepton number
(e.g., sleptons), then they have their own mixing
matrices ) charged lepton flavor violation [Passemar]

• Many interesting processes:
µ ! e�, µ ! eee, µ+N ! e+N (0), µ+e� ! µ�e+

⌧ ! µ�, ⌧ ! e�, ⌧ ! µµµ, ⌧ ! eee, ⌧ ! µµe

⌧ ! µee, ⌧ ! µ⇡, ⌧ ! e⇡, ⌧ ! µKS, eN ! ⌧N

B(µ ! e�) ⇠ ↵
m4

⌫

m4
W

⇠ 10
�52
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• Next 10–20 years: 102–105 improvement; any signal would trigger broad program

Z L – p. 9

Charged lepton flavor violation 
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Charmless DecaysLow-Energy E↵ective Hamiltonians

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

hf |He↵|Bi =

GFp
2

P
j �j

CKM

P
k Ck(µ) hf |Qj

k(µ)|Bi

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

• Short-distance physics: [Buras et al.; Martinelli et al. (’90s); ...]

! Wilson coe�cients Ck(µ) ! perturbative quantities ! known!

b bc c

s s

u

u

O2
W

b bc c

s s

u

u

O2
W

WO1,2

b bc c

s s

u

u WO1,2

b bc c

s s

u

u

• Long-distance physics:

! matrix elements hf |Qj
k(µ)|Bi ! non-perturbative ! “unknown”!?
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Theoretical Framework for Non-Leptonic B Decays

|Aj|ei�j / P
k

Ck(µ)| {z }
pert. QCD

⇥ hf |Qj
k(µ)|Bi

• 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 E↵ective 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]

Charmless Decays



   Form factors:    

    - very reliant on light-cone sum rules. Need independent corroboration. 

    - expect significant progress in lattice QCD (conceptual and numerical) 

    - model-independent constraints from heavy quark expansion;

    - More data needed. 

• New observables - to test lepton universality violation, but also to 
constrain hadronic inputs better from data

• Systematic exploitation of LHC/Belle2/CepC complementarity 

• Better (correct?) models of BSM, if anomalies accumulate 

Theory Needs 

49
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114 FLAVOR PHYSICS AT CEPC

Table 4.1 The b�hadron fractions in Z decays are calculated by combining direct rate measurements performed
at LEP from HFAG [1]. The B+ and B0 mesons are assumed to be produced in equal amount at Z0 peak, and
the sum of the fractions is constrained to unity. The expected numbers of b�hadrons are estimated by assuming
an instantaneous luminosity of 8 ⇥ 1035cm�2s�1 at Z0 factory with two-year running at two collision points. For
comparison, we also list the number of b-hadrons at the Belle-II with an integrated luminosity of about 50 ab�1 at
⌥(4S) or ⌥(5S) peak. Bc production is neglected; in future studies one includes the latter.

b-hadron species Fraction Number Fraction Number
in decays of of b-hadron in ⌥(4S)/(5S) decays of b-hadron
Z0 ! b¯b at Z0 peak at ⌥(4S)/(5S)

B0

0.404 ± 0.009 22.0 ⇥ 10

10

0.486 ± 0.006 (⌥(4S)) 4.9 ⇥ 10

10

B+

0.404 ± 0.009 22.0 ⇥ 10

10

0.514 ± 0.006 (⌥(4S)) 5.1 ⇥ 10

10

Bs 0.103 ± 0.009 5.4 ⇥ 10

10

0.201 ± 0.030 (⌥(5S)) 0.6 ⇥ 10

10

b baryons 0.089 ± 0.015 4.8 ⇥ 10

10 � �

about impact of ND and its features. In particular there will be no competition from Belle II about the3102

decays of beauty baryons.3103

For charm hadrons one gets similar numbers: �(Z0 ! c̄c)/�(Z0

) ' 0.12. The number of produced3104

D0/ ¯D0/D±/Ds/D⇤± is about order of 10

10 at CEPC. No indirect CP violation has been found; it is3105

close what one ‘expects’ from the SM. Also no direct CPV have been found in D0, D+, D+

s , ⇤c etc.3106

decays. There are two classes that can be differentiated in the SM, namely singly and doubly Cabibbo3107

suppressed decays: in singly Cabibbo suppressed transitions (SCS) one expects a landscape of the order3108

O(10

�3

) and basically zero in doubly Cabibbo suppressed ones (DCS). Re-scatterings are expected to3109

produce large impacts as discussed below.3110

So far we have focus mostly on two-body hadronic FS for good reasons. Now we have to probe3111

many-body FS in �B 6= 0 6= �D; in particular we have a long history with tools to analyze Dalitz plots3112

with three-body FS. Which is the best definition of ‘regional’ ones, it depends – and needs judgment.3113

Furthermore it is crucial to measure FS with neutral hadrons.3114

Very rare decays from the class of B ! �Xs, �Xd and B ! l+l�Xs, l+l�Xd will be measured by3115

LHCb collaboration with exclusive ones and by Belle-II with inclusive ones in the future. It seems that3116

a Z0 factory can measure many-body hadronic FS including l = ⌧ , since high reconstruction efficiency3117

of ⌧ decays at high energy (strong boost) is expected from experiences at LEP.3118

Furthermore we can probe dynamics of pairs of ⌧ leptons. We talk about 6 ⇥ 10

10 of ⌧ pairs that3119

will been produced. Thus one can probe ⌧ CP asymmetries in both decays and productions of ⌧ leptons.3120

Any CPV in ⌧ sector will indicate physics beyond the SM (beyond CPV due to K0 � ¯K0 oscillations).3121

Electric dipole moments (EDM) and weak dipole moments of ⌧ can be studied with the processes3122

Z0 ! ⌧+⌧�
(�). In addition this Z0 factory will definitely improve the measurements of anomalous3123

magnetic moments of ⌧ lepton.3124

In Sect. 4.2 we discuss CP asymmetries in the decays of beauty hadrons and charm hadrons; we talk3125

about rare decays of B & D decays Sect. 4.3; we discuss CP violation in ⌧ decays in Sect. 4.4 and3126

charged lepton flavor violation in Sect. 4.5; we summarize in Sect. 4.6.3127

4.2 Beauty and Charm transitions3128

Beauty transitions The SM produces large CPV in the decays of B mesons [2]. Therefore we have to3129

probe FS with non-leading source. We have some examples about the difference between averaged vs.3130

regional ones as shown by LHCb data [3]. It is crucial to measure three- and four-body FS including3131

neutral hadrons and also probe ‘regional’ asymmetries; the best definitions need ‘judgment’.3132

CEPC
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CEPC

At CepC,  the produced b quark and anti-b quark are flying in the center of 
the mass.  So, it is easy for us to measuring some time-dependent 
observables, for example, the time-dependence CP violation of hadronic 
decays.

For LHCb, although it has large cross section,  the uncertainties are large due 
to large background.

In the Belle-II, the energy is not enough for studying  the Bs decays.

For Bc meson, although CDF D0 and LHCb had collected some data,  many 
results have large uncertainties because of  the large background.

If some new particles are detected , flavor physics @CEPC could help us to 
identify the characters of them



 One of the most interesting puzzles in particle physics is that, on the one hand, new physics is 
expected in the TeV energy range to solve the hierarchy problem and stabiles the Higgs mass; but 
on the other hand, no sign of new physics has been detected through precision tests of the 
electroweak theory or through flavour-changing (or CP-violating) processes in strange, charm or 
beauty hadron decays. 

In my view flavor physics remains one of the most promising windows to & beyond the TeV 
scale. 

 Many anomalies require better statistics and further measurements. The higher energy colliders 
(CepC&SppC) will be necessary and able to deliver these measurements, with important interplay/
complementarity with Belle2/.

 Numerous models explaining and correlating (and in one case predicting) anomalies exist. 
Perhaps we are already holding clues to flavor dynamics at relatively low scale?

 Conversely, if nothing is found in LHC, the new colliders will significantly push up the effective 
scale of flavor violation (via Bs->mu mu, right-handed current probes, and other observables as 
theory control improves) .

Conclusions and Outlook
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LHCb upgrade timeline

Belle II Schedule   (Zoom-in on operations)

Thanks


