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Why is flavor physics interesting? 

From the historic view, flavor physics had played important roles in searching for the “ New 
Physics”
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Main Driving Force for Flavor Studies
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Challenging the Standard Model 
through Flavor Studies

@cepc workshop - 2016 4 9



5

Where do we study Flavor Physics
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LHCb 50/fb summary

• Many measurements with direct BSM sensitivity improve by a factor 5� 10

Z L – p. 3

LHCb 50/fb Summary 
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Belle II 50/ab summary 
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Clear physics cases in my opinion! 

Broad program, large improvements  
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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
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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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Figure 1.5 Rates of SM processes [29].
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CepC will be a big Z-Factory & a flavor factory!
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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)
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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

Ligeti’talk, QCD Moriond, 2016
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V. Lüth MITP WS - 2015 

"    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) 

The B → D(∗)τ ν  ̄Anomaly

10

xiao
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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*) 

The combination of R(D) and R(D*) 

excludes the Type II 2HDM in the full tanβ-
mH parameter space with 
P >99.8%, provided MH>15 GeV ! 

The B → D(∗)τ ν  ̄Anomaly

6

Figure 1 shows the m2
miss and |p∗

ℓ | projections of the fit
to the four D(∗)ℓ samples. The fit describes the data well
and the observed differences are consistent with the sta-
tistical and systematic uncertainties on the signal PDFs
and background distributions.
We extract the branching fraction ratios as R(D(∗)) =

(Nsig/Nnorm)/(εsig/εnorm), where Nsig and Nnorm refer
to the number of signal and normalization events, re-
spectively, and εsig/εnorm is the ratio of their efficiencies
derived from simulations. Table I shows the results of the
fits for the four individual samples as well as an additional
fit in which we impose the isospin relations R(D0) =
R(D+) ≡ R(D) and R(D∗0) = R(D∗+) ≡ R(D∗). The
statistical correlations are −0.59 for R(D0) and R(D∗0),
−0.23 for R(D+) and R(D∗+), and −0.45 for R(D) and
R(D∗). We have verified that the values of R(D(∗)) from
fits to samples corresponding to different run periods are
consistent. We repeated the analysis varying the selec-
tion criteria over a wide range corresponding to changes
in the signal-to-background ratios between 0.3 and 1.3,
and also arrive at consistent values of R(D(∗)).
The largest systematic uncertainty affecting the fit re-

sults is due to the poorly understood B → D∗∗(ℓ/τ)ν
background. The PDFs that describe this contribution
are impacted by the uncertainty on the branching frac-
tions of the four B → D∗∗ℓν decays, the relative π0/π±

efficiency, and the branching fraction ratio of B → D∗∗τν
to B → D∗∗ℓν decays. These effects contribute to an un-
certainty of 2.1% on R(D) and 1.8% on R(D∗). We also
repeated the fit including an additional floating compo-
nent with the distributions of B → D(∗)ηℓν, nonresonant
B → D(∗)π(π)ℓν, and B → D∗∗(→ D(∗)ππ)ℓν decays.
The B → D∗∗(ℓ/τ)ν background is tightly constrained
by the D(∗)π0ℓ samples, and, as a result, all these fits
yield similar values for R(D(∗)). We assign the observed
variation as a systematic uncertainty, 2.1% for R(D) and
2.6% for R(D∗).
We also account for the impact of the uncertainties

described above on the relative efficiency of the B →
D∗∗(ℓ/τ)ν contributions to the signal and D(∗)π0ℓ sam-
ples. In addition, the BDT selection introduces an un-
certainty that we estimate as 100% of the efficiency cor-
rection that we determined from control samples. These
effects result in uncertainties of 5.0% and 2.0% on R(D)
and R(D∗), respectively.
The largest remaining uncertainties are due to the con-

tinuum and BB backgrounds [4.9% onR(D) and 2.7% on
R(D∗)], and the PDFs for the signal and normalization
decays (4.3% and 2.1%). The uncertainties in the effi-
ciency ratios εsig/εnorm are 2.6% and 1.6%; they do not
affect the significance of the signal and are dominated by
the limited size of the MC samples. Uncertainties due
to the FFs, particle identification, final-state radiation,
soft-pion reconstruction, and others related to the detec-
tor performance largely cancel in the ratio, contributing
only about 1%. The individual systematic uncertainties

0 0.2 0.4 0.6 0.8 1

0.2

0.4

0.6

0.8

0 0.2 0.4 0.6 0.8 1
0.2

0.3

0.4

R
(D

)
R
(D

∗
)

tanβ/mH+ (GeV−1)

FIG. 2. (Color online) Comparison of the results of this anal-
ysis (light gray, blue) with predictions that include a charged
Higgs boson of type II 2HDM (dark gray, red). The SM cor-
responds to tanβ/mH+ = 0.

are added in quadrature to define the total systematic
uncertainty, reported in Table I.
There is a positive correlation between some of the

systematic uncertainties on R(D) and R(D∗), and, as a
result the correlation of the total uncertainties is reduced
to −0.48 forR(D0) andR(D∗0), to −0.15 forR(D+) and
R(D∗+), and to −0.27 for R(D) and R(D∗).
The statistical significance of the signal is determined

as Σstat =
√

2∆(lnL), where ∆(lnL) is the change in the
log-likelihood between the nominal fit and the no-signal
hypothesis. The statistical and dominant systematic un-
certainties are Gaussian. We estimate the overall signifi-

cance as Σtot = Σstat × σstat/
√

σ2
stat + σ∗2

syst, where σstat
is the statistical uncertainty and σ∗

syst is the total system-
atic uncertainty affecting the fit. The significance of the
B → Dτ−ντ signal is 6.8σ, the first such measurement
exceeding 5σ.
To compare the measured R(D(∗)) with the SM pre-

dictions we have updated the calculations in Refs. [8, 31]
taking into account recent FF measurements. Averaged
over electrons and muons, we find R(D)SM = 0.297 ±
0.017 and R(D∗)SM = 0.252±0.003. At this level of pre-
cision, additional uncertainties could contribute [8], but
the experimental uncertainties are expected to dominate.
Our measurements exceed the SM predictions for

R(D) and R(D∗) by 2.0σ and 2.7σ, respectively. The
combination of these results, including their −0.27 cor-
relation, yields χ2 = 14.6 for 2 degrees of freedom, corre-
sponding to a p value of 6.9×10−4. Thus, the possibility
of both the measuredR(D) and R(D∗) agreeing with the
SM predictions is excluded at the 3.4σ level [32].
Figure 2 shows the effect that a charged Higgs bo-

son of the type II 2HDM [7, 33] would have on R(D)
and R(D∗) in terms of the ratio of the vacuum expecta-

11
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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]

12
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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 

13

SM

Data Operator Analysis Model VerifyModel Building

Freytsis,et.al, 1506.08896
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Possible Models

14

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
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Z L – p. 13

[1506.08896]

b s

µ+µ�

LQ

Freytsis,et.al, 1506.08896
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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 

15
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Physics of   
semileptonic B decays 

13/03/2016 Moriond EW                     Recent hot results & semileptonic B decays, Jeroen van Tilburg 6 

More Physics on Semi-leptonic Decays

B oscillations (Δmd) 
and CP(T) violation in 
mixing 

New Charged particles?

Vub, size of smallest CKM 
element 

Lepton Universal?

How to calculate the 
transition form factors 
reliably. 16

@cepc workshop - 2016 4 9



“The B ! K ⇤µ+µ� Anomaly”

LHCb 1512.04442

2.8� deviation in [4,6] GeV2 bin (+3.0� in [6,8] GeV2 bin)

Wolfgang Altmannshofer (UC) Theoretical Advances in Flavor Physics January 14, 2016 19 / 34

The B → K∗μ+μ− Anomaly 

•Statistical fluctuation

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

•New Physics?

- can anomaly be explained 

model independently?  
- can anomaly be explained in 

concrete NP models?  

17

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

• Connected to many other processes: can one calculate form factors (ratios) reli- 
ably at small q2? (semileptonic & nonleptonic decays, interpreting CP viol., etc.) 

@cepc workshop - 2016 4 9



“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 

18
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“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

19
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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.
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Several global fits find significances up to 4 sigma.

Significances depend on treatment of several nonperturbative effects.
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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

What Could It Be ?
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A New Physics Scale from Rare B Decays

b
s

µ
+

µ
−

γ

W

t

b
s

µ
+

µ
−

X

⇠ g4

16⇡2
1

M2
W

V ⇤
tsVtb

⇠ 1
⇤2

NP

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

⇤NP ⇠ MW

g2

s
16⇡2

|V ⇤
tsVtb|

⇠ 10 TeV
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A New Physics Scale from Rare B Decays 
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New Physics in b ! s Decays

Hb!s
eff = �4GFp

2
VtbV ⇤

ts
e2

16⇡2

X

i

⇣
CiOi + C0

i O0
i

⌘

magnetic dipole operators semileptonic operators

C
(′)
7

bR(L)

sL(R)

C
(′)
9,10

bL(R)

sL(R)

µL(R)

µL(R)

/ 1/q2 / 1

C7, C0
7 C9, C0

9 C10, C0
10

B ! (Xs,K⇤) � F
B ! (Xs,K ,K⇤) µ+µ� F F F
Bs ! � µ+µ� F F F
Bs ! µ+µ� F

neglecting tensor operators
(secretly dimension 8)

neglecting scalar operators
(strongly constrained by

Bs ! µ+µ�)
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New Physics in b → s Decays 
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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
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Models with Flavor Changing Z’Bosons 
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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|
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Z’Bosons in Bs-Mixing
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Constraints from LEP

I assume the couplings of the Z 0 are
lepton flavor universal

I LEP bounds on four lepton contact
interactions

L =
4⇡
⇤2
±
(ē�µe)(¯̀�µ`)

I constraint on the Z 0 mass and the
vector coupling to leptons

MZ 0

|�``
V |

& 3.5 TeV

(can be improved at a CepC/FCC-ee/TLEP) LEP Electroweak Working Group

1302.3415

Wolfgang Altmannshofer (PI) B Physics Anomalies and a 100 TeV Collider March 4, 2015 12 / 23

Z’Bosons Constraints from Exp.
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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

Model Based on Gauged Lμ − Lτ 

New vector quark will be introduced
Wolfgang,et.al, 1403.1269
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Probing the Z 0

(g � 2) of the muon

tau decays

Z couplings to leptons

Z ! 4µ @ LHC

Bs mixing

neutrino trident production

Bs mixing leads to an upper bound
on the U(1)0 breaking vev.
neutrino tridents lead to a

lower bound

. WA, Gori, Pospelov, Yavin 1403.1269 / 1406.2332

bla
Wolfgang Altmannshofer (PI) Flavor Physics after the Higgs Discovery May 5, 2015 32 / 33

•(g − 2) of the muon tau 

decays

•Z couplings to leptons

•Z→4μ @LHC/CepC

•Bs mixing (upper bound)

•Neutrino trident production 

(lower bound) 

Probing the Z ′ 

28

Wolfgang,et.al, 1403.1269

@cepc workshop - 2016 4 9



29

Non-leptonic B Decay

@cepc workshop - 2016 4 9



30

Direct CP Violation
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Impact of  New Physics
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CPV in beauty baryons’ decays 

•  First and second classes that are CKM suppressed. 

•  In the first class of Λb decays one gets pπ−, pπ−π0, pK−K0, ΛK−, pπ−π+π
−, pπ−K+K−,  etc. 

•  In the second class one probes pK−, pK−π0, pKSπ−, ΛK+K− etc. 

•  Ξ−b decays lead to Λ0π−, Λ0π−π0 etc. and Λ0K−, Λ0K−π0, Λ0K  0̄π− etc. 

•   For Ξ0b decays one probes Σ+π−, Λ0π+π− ,Σ+K−, Λ0π+K− etc. 

•   For obvious reasons we list only first class of Ω−b , namely Ξ0π−, Ω−K0 
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 In my view flavor physics remains one of the most promising windows to & 
beyond the TeV scale. 

 Various anomalies require better statistics and further measurements: potential 
for multiple 5-sigma effects. The higher energy colliders (CepC&SppC) will be 
necessary and able to deliver these measurements, with important interplay/
complementarity with Belle2/LHC

 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
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Thanks
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