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MOTIVATION FOR FLAVOUR PHYSICS

 

 

Baryon Asymmetry in the Universe:  
A violation of the CP symmetry  - which causes matter and anti-matter to evolve 
differently with time - seems to be necessary to explain the existence of matter in 
the Universe. 
CP violation has so far only been found in hadron decays, which are 
experimentally investigated at LHCb and NA62 (CERN), SuperBelle (Japan),…

Indirect Search for BSM Physics:  
To find hints for Physics beyond the Standard Model we can either use brute force 
 (= higher energies) or more subtle strategies like high precision measurements.  
New contributions to an observable f are identified via:

Understanding QCD:  
Hadron decays are strongly affected by QCD (strong interactions) effects, which 
tend to overshadow the interesting fundamental decay dynamics. Theory tools like 
effective theories, Heavy Quark Expansion,  HQET, SCET ,…enable a control over 
QCD-effects and they are used in other fields like Collider Physics, Higgs Physics, 
DM searches…

Standard Model parameters:  
Hadron decays depend strongly on Standard Model parameters like quark masses and 
CKM couplings (which are the only known source of CP violation in the SM). A precise 
knowledge of these parameters  is needed for all branches of particle physics.

fSM + fNP = fExp
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1. Imaginary part in CKM elements = CP violation 

2. Instead of a W a charged Higgs H might be exchanged = BSM 

3. QCD effects are crucial: decay constant, form factors,… 

4. Determination of SM parameter

H
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STATUS QUO I: GREAT EXPERIMENTS
➤ Huge experimental progress: B-factories, Tevatron and LHC 

(ATLAS, CMS, LHCb) and soon Belle II  

➤ LHCb: >400 paper, >25k citations, >6.8fb-1, see/saw Greig Cowan



STATUS QUO II: THE SM RULES
➤ Message 1: SM and CKM work well - they dominate flavour 

structure of nature

�HFAG = 21.9� ± 0.7� vs. �CKMfitter = 23.74�+1.13�

�0.98�

�HFAG = 71.3�+5.7�

�6.1� vs. �CKMfitter = 65.33�+0.96�

�2.54�

similar results from UTfit; Eigen et al.; Laiho et al



STATUS QUO III: THE SM RULES!!!

➤ Message 2: Theory tools work perfectly, e.g. non-perturbative methods 

 lattice vs. experiment

1608.06732 BESSIII

PDG = MeV



STATUS QUO III: THE SM RULES!!!

➤ Message 2: Theory tools work perfectly e.g. multiloop 



STATUS QUO III: THE SM RULES!!!

➤ Message 2: Theory tools work perfectly - e.g. Heavy Quark Expansion



STATUS QUO III: THE SM RULES!!!

➤ Message 2: Theory tools work perfectly

Dimension-six matrix elements for meson 
mixing and lifetimes from sum rules  
M. Kirk, A. Lenz, T. Rauh (Durham U. & Durham U., 
IPPP) 
JHEP 1712 (2017) 068   arXiv:1711.02100 [hep-ph] 

Lifetime ratios of heavy mesons are theoretically well under control 

-they test the HQE at 3rd order 

-they require perturbative (NLO and NNLO-QCD) calculations 

-they require non-perturbative input: lattice, sum rules (advance in multi-loop needed)

https://inspirehep.net/author/profile/Rauh%2C%20T.?recid=1634844&ln=en
https://inspirehep.net/search?cc=Institutions&p=institution:%22Durham%20U.%22&ln=en
https://inspirehep.net/search?cc=Institutions&p=institution:%22Durham%20U.%2C%20IPPP%22&ln=en
https://inspirehep.net/search?cc=Institutions&p=institution:%22Durham%20U.%2C%20IPPP%22&ln=en
http://arxiv.org/abs/arXiv:1711.02100


STATUS QUO IV: THE SM RULES?

➤ Message 3: First deviations start to show up -> think deeper 

long standing discrepancy in the determination of V_cb, V_ub 
from simple semi-leptonic tree-level decays

Probably solved: A parametrisation of the form factors was used in the extraction, 

that holds only up to a certain accuracy - but not with the current experimental precision

This is a general problem in Flavour Physics:  

many assumption that were reasonable10 or 20 years ago have to be reconsidered

see e.g. Grinstein, Kobach;
Bigi, Gambino, Schacht; 
Bernlochner, Ligeti, Papuchi,
Robinson;
Jaiswal, Nandi, Patra



STATUS QUO IV: THE SM RULES?

This is a general problem in Flavour Physics:  

many theory assumption that were reasonable 10 or 20 years ago have to be reconsidered

financed by 
IPPP Senior  
Experimental 
Fellowship



STATUS QUO IV: THE SM RULES?

➤ Message 3: First deviations start to show up and they stay

• 3-6: Semi-leptonic loop-level decays (small BSM) 

• 3.9: Semi-leptonic tree-level decays (large BSM) 

• 3.6: B-mixing phase (dimuon asymmetry) 

• 3.5: Muon g-2 

• 2.8: K-mixing/ epsilon’ (huge lattice progress) 

• 2.6: Zbb coupling (LEP FB asym) 

• 2.x: K-pi puzzle 

• 2.x: tau to mu nu nu/tau to e nu nu 

• 2.x: Vus: K vs. tau 

• 2.0: B-mixing modulus (mass difference)

4    in neutron lifetime? Proton radius seems to be solved by Hänsch et al�

�



SEMI-LEPTONIC LOOP LEVEL
  

 relatively simple hadronic structure  

                   :  decay constant 

                     : form factor 

                       Can be determined with lattice, sum rules,…                                                                               

Observables: 

 Branching ratios 

Angular observables, e.g.         hadronic uncertainties cancel partially 

Ratios                                       hadronic uncertainties cancel completelyRK =
Br(B+ ! K+µ�µ+)

Br(B+ ! K+e�e+)

b ! sµµ

Bd,s ! µµ

Hb ! Hqµµ

P 0
5

Br(Bs ! �µµ), Br(B ! K⇤µµ),



SEMI-LEPTONIC LOOP LEVEL

RK =
Br(B+ ! K+µ�µ+)

Br(B+ ! K+e�e+)

b ! sµµ

Bd,s ! µµ

Hb ! Hqµµ

P 0
5

Br(Bs ! �µµ), Br(B ! K⇤µµ),

a) 

b) 

c) 



Consistent picture of numerous (175) observables  

 all can be fitted in very simple scenario  (BSM = -1/4 SM) 

e.g. just modify the Wilson coefficient C9! 

3       1704.05447  
      Ciuchini, Coutinho, Fedele, Franco, Paul, Silvestrini, Valli 

      On Flavourful Easter eggs for NP hunger and LFU violation  

5.7    1704.05340  

      Capdevilla, Cvrivellin, Descotes-Genon, Matias, Virto 

         Patterns of NP in b to all transitions in the light of recent data                                                                 

Q9V =
↵e

4⇡
(s̄L�µbL)

�
l̄�µl

�

Q10A =
↵e

4⇡
(s̄L�µbL)

�
l̄�µ�5l

�

�

�

SEMI-LEPTONIC LOOP LEVEL



RD(⇤) =
Br(B̄ ! D(⇤)⌧�⌫̄⌧ )

Br(B̄ ! D(⇤)l�⌫̄l)

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, PRD94,072007(2016)
Belle, arXiv:1612.00529
Average

SM Predictions

 = 1.0 contours2χΔ

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)

HFAG

Moriond 2017

) = 67.4%2χP(

HFAG
Moriond EW 2017

Beware: any new                contributionb ! c⌧ ⌫̄⌧

will also modify other observables like the lifetime of the Bc meson!

e.g. Li, Yang, Zhang; Alonso, Grinstein, Camalich; Celis, Jung, Li, Pich

SEMI-LEPTONIC TREE LEVEL (THIS IS LARGE!)



List of models:
Z’ - new U(1) or SU(2) W’
Leptoquarks
2HDM
SUSY
Vectorlike quarks
Composite Models
WED
….
….

 agony of choice
   or     

choice of agony?

hundreds of papers…

BSM PHYSICS IS ON THE HORIZON?



A popular BSM model for solving the 
anomalies related to loop-level (semi) 
leptonic decays are Z’ models: 

                                                                               

Such a new tree-level transition will also 
affect many other observables,  

most notably B-mixing at tree-level,  

but also many loop processes. 

Make sure all relevant bounds are included, 
e.g. electro-weak precision bounds   

BSM PHYSICS IS ON THE HORIZON?



B-MIXING IN MORE DETAIL

20th IFT Xmas Workshop, Madrid A. Lenz, December 11th 2014 - p. 20

The SM rules: B-mixing

b

d

t,c,u

t,c,u

W
-

b

db

d
t,c,u t,c,uW

-
b

d

|M12|, |Γ12| and φ = arg(−M12/Γ12) can be related to three observables:

■ Mass difference: ∆M := MH −ML ≈ 2|M12| (off-shell)
|M12| : heavy internal particles: t, SUSY, ...

■ Decay rate difference: ∆Γ := ΓL − ΓH ≈ 2|Γ12| cosφ (on-shell)
|Γ12| : light internal particles: u, c, ... (almost) no NP!!!

■ Flavor specific/semi-leptonic CP asymmetries: e.g. Bq → Xlν (semi-leptonic)

asl ≡ afs =
Γ(Bq(t)→ f)− Γ(Bq(t)→ f)

Γ(Bq(t)→ f) + Γ(Bq(t)→ f)
=

∣∣∣∣
Γ12

M12

∣∣∣∣ sinφ



Text-book: Bs mixing agrees with the SM

• BSM contributions have to be within the large theory uncertainties

• they can be both positive and negative

• relatively stringent bound on BSM models that explain the b-> s mu mu anomalies



NEW: Bs mixing “disagrees” with the SM

BSM contributions should be negative

very stringent bound on many BSM models that explain the b-> s mu mu anomalies

using most recent input, in particular most recent lattice values for fBs^2 B 
from FLAG (dominated by Fermilab/MILC)





BSM PHYSICS IS ON THE HORIZON?

  Look for the remaining parameter space in Z’ models 

* Look for Z’ models with complex couplings 

  Look for BSM models with negative contributions to  

* Look for BSM models that explain more problems 

* Look for LHC signatures of these BSM models 

*Look for non-standard BSM models 

…..



BSM PHYSICS IS ON THE HORIZON?
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Flavour fit with MZ0 = 5 TeV

b ! s decays
�Ms

Amix
CP

First idea to avoid positive contributions to M_12:           
Look  for CP violation couplings of a Z’                             
strong constraints from the phase for Bs mixing  

Bs ! J/ �
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Measurement of the CP violating phase,  
Phi_s, in Run 2 using B°s→J/PsiK+K−  
Konstantin Gizdov, University of Edinburgh

* Look for Z’ models with complex couplings



BSM PHYSICS IS ON THE HORIZON?
* Look for BSM models that explain more problems



BSM PHYSICS IS ON THE HORIZON?
* Look for LHC signatures of these BSM models



Is there a connection between mixing and rare decays? 

Consider NP in tree-level b -> ccs traditions with general Dirac structures 

This affects rare decays and mixing/lifetimes:

Charming new physics in rare B-decays and mixing  
Jaeger, Kirk, Lenz, Leslie  
arXiv: 1701.09183

BSM PHYSICS IS ON THE HORIZON?
*Look for non-standard BSM models



CONCLUSION

➤ Extremely exciting pattern of anomalies in decays of heavy hadrons 

➤ Many anomalies can be explained simultaneously 

➤ Control of QCD effects is absolutely crucial  

➤ Theory status very promising - can systematically be improved 

➤ Control channels, e.g. baryons, Kaons, charm,.. 

➤ Interesting playground for model-building 

➤ Space of allowed models is considerably restricted



END



CONCLUSION

➤ Message 1: SM and CKM work perfectly 

➤ Message 2: Many times  

➤ Message 3: !!!Higher precision in theory needed!!! 

➤ Message 4: !!!Standard assumptions might have to be reconsidered!!! 

➤ Message 5: SM/CKM dominance gives important bounds on BSM models  

➤ Message 6: There are very interesting anomalies 

➤ Message 7: We are still waiting for a single 5 sigma deviation 

➤ Message 8: All relevant observables have to be identified for BSM searches 

➤ Message 9: Alternative paths for BSM searches can be interesting 

�Exp < �Theory
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B mixing                                                                               

3.6        : D0 result 

2    : New lattice results 
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Evidence for an  anomalous like-sign dimuon charge asymmetry 
V.M.Abazov et al (D0 Collaboration)  
Phys. Rev. Lett 105 (2010) 081801

Study of CP violating charge asymmetry… 
V.M.Abazov et al (D0 Collaboration)  
Phys. Rev. D 89 (2014) 012002

Understanding the anomalous like-sign dca 
Guennadi Borissov, Boris Hoeneisen 
Phys. Rev. D 87 (2013) 074020

Effect of Delta Gamma_d on the dimoun asymmetry  
Uli Nierste  
Talk at CKM 2014
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B(s)-mixing matrix elements from lattice QCD for the SM and beyond  
Fermilab Lattice and MILC Collaborations  
Phys.Rev. D93 (2016) no.11, 113016, arXiv:1602.03560 [hep-lat]  

On the ultimate precision of meson mixing observables  
Thomas Jubb, Matthew Kirk, AL, Gilberto Tetlalmatzi-Xolocotzi  

 Nucl.Phys. B915 (2017) 431-453

seems to be the largest individual deviation

https://inspirehep.net/search?p=collaboration:%27MILC%27&ln=en


NP IN TREE-LEVEL DECAYS

  

Do a systematic study of tree-level observables that 
are both well known in experiment and theory



NP IN TREE-LEVEL DECAYS

Result: 

What does this mean? 

Is this an important effect?   



NP IN TREE-LEVEL DECAYS

➤ Decay rate difference of neutral Bd mesons,         , can be 
enhanced by several 100%                                                                  
work triggered by D0 di-muon asymmetry     - Borissov                                                                  
work triggered ATLAS measurement of          - Borissov 

➤  Extraction of CKM angle   can be modified by several degrees  
SM precision: 1 ppm                                                                                                                            

Experimental precision: now   6deg, future 1 deg   

➤ More profound analysis in progress            AL,Tetlalmatzi-Xolocotzi    

till now only SM Dirac structures                                                                       
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NP effects in tree-level decay and the precision of  
Brod, Lenz, Tetlamatzi-Xolocotzi Alexander Lenz  
Rev.Mod.Phys. 88 (2016) no.4,045002

On new physics in  
Bobeth, Haisch, Lenz, Pecjak, Tetlalmatzi-Xolocotzi  
JHEP 1406 (2014) 040
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