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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:

Time for high precision experiments and high precision SM predictions

f Exp ± δExp = fSM ± δSM + fBSM ± δBSM

Hard 
experimental

Work 

Hard 
theoretical

Work 
Fun
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Decays of heavy Hadrons
There are (at least) 6 kinds (= flavours) of quarks BESSIII, LHCb,..

ATLAS, BELLE II,  

CMS, LHCb,..NA62, KOTO…
• Proton = |uud> + …
• (Heavy) flavour physics = b,c quark 

Roughly the same lifetime

Sizable spread in lifetimes

Similar lifetime since
m5

bV2
cb ≈ m5

c V2
cs
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Flavour Physics

 

 

 

 

fSM + fNP = fExp

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), Belle II (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… For non-perturbative effects one can use lattice, sum rules,…

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.



Flavour Physics
• Leptonic Decays • Semi-leptonic Decays • Non-leptonic Decays

I) Imaginary part of CKM-elements = CP Violation 
II) Instead of a W-Boson a charged Higgs particle could be exchanged 

III) QCD Effects are crucial! Perturbative QCD corrections                           
Non-perturbative: Decay constants, Form Factors, Factorisation 

IV) Determination of SM-Parameter
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Flavour Physics
➤ Huge amount of precise data: B-Factories, Tevatron, BESS 

III and LHC (ATLAS, CMS, LHCb), NA62 as well as Belle II 

Theory has to match that precision



 Flavour Physics
➤ Insight #1: SM and CKM have passed numerous tests  
➤ dominant contribution to the flavour structure of nature

Similar 
results by 
UTfit;  
Eigen et al.;  
Laiho et al
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βHFLAV = 22.2∘ ± 0.7∘ vs. βCKMFitter = 22.56∘+0.47∘

+0.40∘

γHFLAV = 66.2∘ ± 3.5∘ vs. γCKMFitter = 65.80∘+0.94∘

−1.29∘

Direct experiment vs. CKM fit 

Nobel prize 2008
Kobayashi, 
Maskawa



             Flavour Physics
➤ Insight #2: QCD-effects are often under good control 
➤ both non-perturbative (lattice, sum rules) and perturbative

Anomaly
friends

take care!

1608.06732 BESSIII

PDG

1305.5432 Gelhausen, Khodjamirian, Pivovarov, Rosenthal



Flavour Physics

2.49
1.516
1.28 ( 230

200 )
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➤ Insight #2: QCD-effects are often under good control 
➤ both non-perturbative (lattice, sum rules) and perturbative HFLAV : (3.45 ± 0.29) ⋅ 10−9
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 First Hints for New Physics?
➤ Insight #3: First discrepancies appear (and seem to stay)

Standard deviations: 3 sigma = 0.27%, 6 sigma =              %, Lotto                % 2⇥ 10�7
<latexit sha1_base64="K98dC02U9edhzdvsszSBBKtCo/M=">AAAB+XicdVDLSgMxFM34rPU16tJNsAhuHDK19rErunFZwT6gHUsmzbShmcyQZApl6J+4caGIW//EnX9jpq2gogcuHM65l3vv8WPOlEbow1pZXVvf2Mxt5bd3dvf27YPDlooSSWiTRDySHR8rypmgTc00p51YUhz6nLb98XXmtydUKhaJOz2NqRfioWABI1gbqW/bRdjTLKQKuug+Pa/M+nYBObVqGZWKEDkIVYuobMglcmtuDbpGyVAASzT69ntvEJEkpEITjpXquijWXoqlZoTTWb6XKBpjMsZD2jVUYLPMS+eXz+CpUQYwiKQpoeFc/T6R4lCpaeibzhDrkfrtZeJfXjfRQdVLmYgTTQVZLAoSDnUEsxjggElKNJ8agolk5lZIRlhiok1YeRPC16fwf9IqOu6Fg25LhfrVMo4cOAYn4Ay4oALq4AY0QBMQMAEP4Ak8W6n1aL1Yr4vWFWs5cwR+wHr7BALskp4=</latexit>

7⇥ 10�7
<latexit sha1_base64="8Vpox9Rt5/D2w5Ph5dZTBxmrZ3M=">AAAB+XicdVDLSgMxFM34rPU16tJNsAhuHDK19rErunFZwT6gHUsmzbShmcyQZApl6J+4caGIW//EnX9jpq2gogcuHM65l3vv8WPOlEbow1pZXVvf2Mxt5bd3dvf27YPDlooSSWiTRDySHR8rypmgTc00p51YUhz6nLb98XXmtydUKhaJOz2NqRfioWABI1gbqW/bFdjTLKQKuug+Pa/M+nYBObVqGZWKEDkIVYuobMglcmtuDbpGyVAASzT69ntvEJEkpEITjpXquijWXoqlZoTTWb6XKBpjMsZD2jVUYLPMS+eXz+CpUQYwiKQpoeFc/T6R4lCpaeibzhDrkfrtZeJfXjfRQdVLmYgTTQVZLAoSDnUEsxjggElKNJ8agolk5lZIRlhiok1YeRPC16fwf9IqOu6Fg25LhfrVMo4cOAYn4Ay4oALq4AY0QBMQMAEP4Ak8W6n1aL1Yr4vWFWs5cwR+wHr7BArLkqM=</latexit>

0 1 2 3 4 5
Pull in æ

RK [1.1, 6]

RK§ [0.045, 1.1]

RK§ [1.1, 6]

RpK [0.1, 6]

P 0
5 [2.5, 4]

P 0
5 [4, 6]

B(B0
s ! ¡µ+µ°) [1.1, 6]

B(B0
s ! µ+µ°)

B(B0 ! µ+µ°)

Muon g ° 2

Electron g ° 2

R(D)

R(D§)

R(J/√)

B(B+ ! ø+∫)

¢ms

¢md

Z A0,b
FB

patrick.koppenburg@cern.ch

• 3-7: Semileptonic loop-level decays       
(small BSM effects ) 

• 5-7: Non-leptonic tree-level decays           
(large BSM effects ,…) 

• 3.9: Semileptonic tree-level decays.       
(large BSM effects  ) 

• 3.6: B-mixing phase (Di-muonasymmetry) 

• 2.x:   inclusive vs exclusive 

• 2.x:   Puzzle 

• 2.x:  

• 2.x: :  vs. , CKM Unitarity 

b → sll

b → cūd, cc̄s

b → clν

Vcb, Vub

K − π

τ → μνν/τ → eνν

Vus K τ

Slow but steady evidence building for new physics
or

systematic underestimation of uncertainties 
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• Experimental uncertainties 

• Hadronic Uncertainties 

• Combination of many small effects 

• New physics 

Slow but steady evidence building for new physics
or

systematic underestimation of uncertainties 
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 Flavour Anomalies at Loop Level
  

“Relative” simple hadronic structure  

                   :  decay constant  

                      : form factor  

can be determined by LCSR or with lattice QCD  

                                                                            

Many observables differ by about 2-4 standard deviations: 
O: Branching ratios like 

+: Angular observables like           hadronic uncertainties cancel partially  

++: Ratios like                                        hadronic uncertainties cancel almost completely

fBq

FHb→Hq
(q2)

b ! sµµ

Bd,s ! µµ

Hb ! Hqµµ

Br(Bs ! �µµ), Br(B ! K⇤µµ),

P 0
5

RK =
Br(B+ ! K+µ�µ+)

Br(B+ ! K+e�e+)

Reliable theoretical determination of perturbative corrections, decay constants, 
form factors, non-local contributions is crucial!!!!!



Consistent picture of > 200 observables:  

all deviations can be fitted in a very simple  

scenario BSM = -1/4 SM 
e.g. modify only the Wilson coefficient C9 or C9 = -C10! 

e.g.. 2104.08921: Exp. was 7 sigma away from SM  
 Alguero, Capdevilla, Descotes-Genon, Matias, Novoa-Brunet 

 b to sll global fits after Moriond 2021 results  
as well as many other fitting groups                                                                

ℋeff =
GF

2
VCKM [(CSM

9 + CBSM
9 ) Q9 + (CSM

10 + CBSM
10 ) Q10]

Reliable theoretical determination of perturbative 
corrections, decay constant, form factors, non-local 

contributions crucial!
Experimental cross-check by ATLAS, CMS, BELLE II,…

 Flavour Anomalies at Loop Level
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 Physics Beyond the Standard Model

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

 The agony of choice 
   or     

the choice of agony ?

Hundreds of publications…

Peter Paul Rubens (born in Siegen), Die Wahl des Paris ca 1638 



Z’ models are popular attempts in explaining 
the anomalies 

Such new “Tree-level”-transitions will also 
modifiy many other observables - in particular  
B-Mixing 
= indirect bound on BSM models 


 Physics Beyond the Standard Model



SM:  only at loop-levelBs ↔ B̄s

BSM:  already at tree-levelBs ↔ B̄s

 Physics Beyond the Standard Model
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The Necessity of Precision SM Predictions

But even more: precise SM predictions are also crucial for any indirect bounds
Example: B-Mixing

2016: Latest theory prediction - 
based on lattice-QCD

Larger values than previous predictions
=> further anomaly?

Di Luzio, Kirk, AL  1712.06572

HFLAV

Reliable theoretical determination of perturbative corrections, decay constants, form factors and non-
local contributions obviously crucial!

ΔMExp.
s = (17.765 ± 0.006) ps−1



The 2016 theory value for B-mixing has dramatic consequences

1712.06572, 1811.12884

The 2016 value from FNAL/MILC 
dominated the FLAG average

λQ
23λL

22
MZ′ 

λQ
23 λQ

23

MZ′ 

ΔMSM
s > ΔMExp

s , ΔMBSM
s > 0

The Necessity of Precision SM Predictions



Mass difference of  neutral B Mesons

HFLAV 2018

Significant CKM dependence

By far dominant uncertainty

Test of non-perturbative results

ΔMs = 2 |Ms
12 |

HQET-sum rules: 3-loop +  part of NNLO matching:  
*B_d mixing:  
  Siegen: Grozin, Klein, Mannel, Pivovarov  1606.06054, 1706.05910, 1806.00253 
*B_d and D mixing, D^0, D^+, B_d and B^+ lifetimes 
  Durham: Kirk (Rome), AL, Rauh (Bern) 1711.02100 
*B_s mixing 
  Durham: King, AL, Rauh (Bern) 1904.00940 
*B_s and D_s^+ lifetimes 
  Siegen: King (Durham), AL, Rauh (Bern)  2112.03691 

The Necessity of Precision SM Predictions
ΔMExp.

s = (17.765 ± 0.006) ps−1

Lattice:  
*FNAL/MILC:  
  1602.03560 
*HPQCD:  
  1907.01025 
*RBC-UKQCD:  
  1812.08791 



B0 B̄0

Q Q

Sum rule

Quark-hadron duality

Analyticity

Hadronic matrix element Correlation function

Characteristic scale: ΛQCD

αs

(

ΛQCD

)

∼ O(1)

Characteristic scale: ’virtuality’ ω

αs (ω) " 1

⇒ non-perturbative ⇒ perturbatively calculable

Choose ω s.t.

1. HQET Sum rule at hadronic scale 
2. HQET running to scale mb
3. HQET-QCD matching

Recursive reduction of integrals: FIRE

The Necessity of Precision SM Predictions



First sum rule results for Bs Mixing

The Necessity of Precision SM Predictions

ΔMSM,2024
s = (18.34 ± 0.64) ps−1

ΔMExp.
s = (17.765 ± 0.006) ps−1

Need more precise lattice values 
and more precise CKM elements



First sum rule results for Bs Mixing

• Sum rules still relevant
• Results on a shorter time scale
• Dramatic consequences for BSM
• Can be systematically improved

The Necessity of Precision SM Predictions



The Necessity of Precision SM Predictions

HQET-sum rules: 3-loop +  part of NNLO matching:  
*B_d mixing:  
  Siegen: Grozin, Klein, Mannel, Pivovarov  1606.06054, 1706.05910, 1806.00253 
*B_d and D mixing, D^0, D^+, B_d and B^+ lifetimes 
  Durham: Kirk (Rome), AL, Rauh (Bern) 1711.02100 
*B_s mixing 
  Durham: King, AL, Rauh (Bern) 1904.00940 
*B_s and D_s^+ lifetimes 
  Siegen: King (Durham), AL, Rauh (Bern)  2112.03691 

* New physics contributions to lifetimes 
  Siegen: Matthew Black, AL, Zac Wüthrich in progress 

Cooperation Lattice/Sum rules will be advantageous

• First ever lattice determination of matrix elements 
of D=6 operator for lifetime

• Determination of matrix elements of D=7 operators 
for lifetimes and mixing with lattice and sum rules
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Test of  Theory Tools

HQE:
Lifetime  and mass among the most fundamental properties of particles(τ = 1/Γtot)

Each term: perturbative Wilson coefficient times non-perturbative matrix element 

• No huge BSM contributions expected =>  Test of theory tools



Test of  Theory Tools

Darwin operator has an unexpected large contribution

Work in progress: higher orders in  and αs 1/mb

Semi-leptonic Non-leptonic Non-perturbative



AL, Rusov, Piscopo 2208.02643

HQE + HQET sum rules for B lifetimes:

• Very good agreement with experiment
• Precise value of the Darwin term needed
• Precision of  HQET sum rules can be further 

improved 
• Independent lattice evaluation highly 

desirable Oliver Witzel and Matthew Black  
 within RBC/UKQCD

Test of  Theory Tools

Darwin term is extracted from the  fit
Inclusive vs. Exclusive puzzle

Vcb



Gratrex, AL, Melic, Nisandzic,
Rusov, Piscopo 2301.07698

HQE + NRCQM (spectroscopy) for b baryon 
lifetimes:

• Very good agreement with experiment
• Precise value of the Darwin term needed
• Independent lattice evaluation highly desirable

Test of  Theory Tools



King, AL, Rauh ,Rusov, 
Piscopo 2109.13219

HQE + HQET sum rules for D lifetimes:

• No evidence for a breakdown of the 1/
mc expansion

• Higher orders in QCD needed
• Independent lattice evaluation highly 

desirable

Test of  Theory Tools
HQE at the extreme limit
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What does this imply? 

Is such a shift relevant 

or irrelevant?  

Beyond the SM
Can there be new physics in non-leptonic tree-level decays?

Systematic study of non-
leptonic tree-level decays

4.6.2    lifetimes
4.6.3.   Mixing

Bs
BsAL, Tetlalmatzi-Xolocotzi

1912.07621



➤ Decay rate difference of B_d Mesons  , can be enhanced by more than 100%                                                                  
inspired by D0 Dimuon asymmetry  - Borissov                                                                  
inspired the ATLAS measurement of    - Borissov 

➤ Determination of the CKM angle  can be modified by several degrees                                                                           
SM precision 1 ppm                                                                                                                            

Exp. precision: now , in future <   
➤ Systematic fit so far only SM Dirac structures    
➤ New Anomalies                                                                       

ΔΓd

ΔΓd

γ

3.5∘ 1∘

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

NP effects in tree-level decay and the precision of  
Brod, AL, Tetlamatzi-Xolocotzi   
Phys. Rev. D92(2015) no.3,033002

��d

�

Model independent bounds on NP effects in non-
leptonic tree-level decay and the 
AL, Tetlamatzi-Xolocotzi  
JHEP 2007 (2020) 177

• Huber, Kränkl 1606.02888
• Bordone, Gubernari, Huber, Jung, vanDyk 2007.10338
• Iguro, Kitahara 2008.01086
• Cai, Deng, Li, Yang 2103.04138
• Bordone, Greljo,Maryocca 2103.10332
• Beneke, Böer, Finauro, Vos 2107.03819

Beyond the SM



Understand QCD better!

Beyond the SM

Indication for lager QCD uncertainties 
than previously expected

=> deviation becomes smaller

Problem are power-corrections

+𝒪(Λ /mb)



Beyond the SM

Big fights in the community 
whether this can be 

QCD or not



Is there a connection between mixing and rare decays (anomalies)? 

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

This affects both rare decays and lifetimes:

Charming new physics in rare B-decays and mixing  
Jaeger, Kirk, Lenz, Leslie  
arXiv: 1701.09183; 1902.10.12924 

q^2 dependent BSM contributions are possible
This was considered to be a smoking gun for a hadronic origin of the anomalies 

Beyond the SM
Precise SM

 values crucial



Search for BSM effects in lifetimes: 

Beyond the SM

AL, Müller, Rusov, Piscopo 2211.02724

Effects of new decay channels on lifetimes and mixing
AL, Mohamed, Piscopo, Rusov, Wüthrich, in progress
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Final Remarks
•SM very successful, some problems still unsettled 
•Indirect search for new physics
       
                Control over (hadronic) uncertainties crucial!!!!
• Huge amount of data, theory often under control and we 

(still) have a bunch of anomalies! 
•Model dependent studies, e.g. Z’, 2HDM, 4th gen. vs. 

model independent approaches
•Some text book assumptions should be reconsidered 
•Combine different theory tools, lattice & sum rules

OExp ± δOExp = OSM ± δOSM + OBSM ± δOBSM



Future Measurements
•Direct determination of : ultimate precision at FCC-ee on Z

•Inclusive semi-leptonic  and  decays -> HQE parameter

•More precise data on  transitions
•Semi-leptonic CP asymmetries 

•Flavour-specific CP asymmetries in e.g. 

•More precise values of some lifetimes: , 

•More precise values of branching fractions of e.g. 

•CPV in charm - check  
•….

Vcb

Bs D
b → s, dl+l−

B̄s → D+
s π−

Ωb Ξb

B̄s → D+
s π−

ΔACP



Taken from Thomas Mannel

Final Remarks



Why you should work in heavy 
flavour physics?


