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Flavour Physics in the news



Anomalies
Currently hot topic and selling point for particle physics


• Semileptonic, tree-level:   in  
• Semileptonic, loop-level:  in   
• Old: semileptonic, tree-level:  - Cabibbo anomaly 
• Old: Di-muon asymmetry from D0 
• Old: Muon g-2 
• Less known: Non-leptonic, tree-level:  in  
• …

b → clν R(D), R(D*), . . .
b → sll R(K), . . . , P′￼5, . . . , Br(Bs → ϕll), . . .

Vcb, . . .
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2035: any of these 
anomalies confirmed 

with 5+x sigma  
=> huge breakthrough 

So far no clear 5+x sigma deviation

2035: all anomalies might have gone away…. 

What then? Was all a waste of time? 
What will we have learnt?



Flavour Physics in the news



Outline

• CKM fits


• Lifetimes


• Mixing: Mass difference , decay rate differences  and semileptonic CP asymmetries 


• NP in Tree-level: One observable to find them (= BSM) all!


• Conclusion:  What will be our legacy?

ΔMq ΔΓq aq
sl



CKM Fits
Aim:  

• Determine the fundamental parameters of nature

• Determine if there is CP violation within the SM

• Determine if the amount of CP violation within the SM is sufficient for baryogenesis


• Do consistency checks (indirect new physics searches) of the known laws of nature (SM)




CKM Fits



CKM Fits - remaining problems

Based on huge progress in perturbative multi loop and non-perturbative methods, in particular lattice

Fael, Schönwald, Steinhauser 
2011.13654

Fael, Schönwald, Steinhauser 
2005.06487

e.g. SNOWMASS reports…

See e.g. Wednesday talks by 
Blaise Delany, Martin Jung



CKM Fits - remaining problems

What could have gone wrong?
• Experimental problem in inclusive decays?  Just underestimated uncertainties? 
• Experimental problem in exclusive decays? Just underestimated uncertainties? 
• Theoretical problem in inclusive decays?     Just underestimated uncertainties? 
• Theoretical problem in exclusive decays?    Just underestimated uncertainties? 
• BSM explanations seem unlikely!

Even if we all had seriously messed up:

On a large time scale (e.g. 1988-2022): our knowledge about the fundamental  
parameters of nature has considerably improved!



CKM Fits - remaining problems

Will we ever do definitely better?

• Inclusive fits in Bordone, Capdevilla, Gambino 2107.00604 and Bernlochner, Fael, Olschewsky, Person, van Toner, Vos, Welsch 2205.10274 
agree for , but disagree for the matrix element of the Darwin operator   => room for improvement (see also AL, 
Piscopo, Rusov, 2208.02643) 

• Inclusive calculations not within HQE, but directly via lattice (Hashimoto, Gambino, Mächler, Panero, Sanfillipo  2203.11762, Gambino 
Hashimoto 2005.13730…,) 

• Exclusive  determination up to 1.4% at Belle II (e.g. SNOWMASS, 2207.06307) 
• Semileptonic  decays depend only on   - no form factors (e.g. Amhis, Hartmann, Helsens, Hill, Sumensari, 

2105.13330) 
• Even higher precision from  on-shell  decays at FCC-ee (Monteil, Wilkinson 2106.01259, Monteil, AL 2207.11055) 
                                                                               Monteil, 12.9.2022 flavour@FCCee

Vcb

Vcb
Bc → lν f2

Bc
|Vcb |2

x ⋅ 108 W+ → cb̄
δVcb ≈ 0.16 ⋅ 10−3



CKM Fits - remaining problems

Interesting to note: 
(  cancels in )Vcb RK, . . .

Altmannshofer, Lewis 2112.03437



CKM Fits
Aim: 


• Determine the fundamental parameters of the laws of nature 

• Determine if there is CP violation within the SM               It is definitely there 

• Determine if the amount of CP violation within the SM is sufficient for baryogenesis

       Probably not, but see e.g. Alonso-Alvarez, Elor, Escudero 2101.02706


• Do consistency checks (indirect new physics searches) of our the laws of nature (SM)

     in progress: CKM fits consistent, Cabibbo anomaly, … 

See talk by Emilie Passemar on Wednesday

We can argue  
about exact precision



Lifetimes

Aim: 


• Understand one of the most fundamental properties of elementary particles

• Understand the hadronic interaction which is binding quarks into hadrons


• Do consistency checks (indirect new physics searches) of the known laws of nature (SM)



Lifetimes
B mesons live unexpectedly long





because of smallness of 


Experimental values in 1996


Theory framework: Heavy Quark Expansion

Γ(B) =
G2

f m5
b

192π3
|Vcb |2 (3 + . . . ) =

1
τ(B)

|Vcb |2 ≈ 1.6 ⋅ 10−3

ALEPH,OPAL,… CDF



Lifetimes

1996: ALEPH,OPAL,… CDF

What happened to the experimental numbers?

HFLAV 2022

τ(B+)
τ(Bd)

= 1.076 ± 0.004 ,
τ(Bs)
τ(Bd)

= 1.001 ± 0.004 ,
τ(Λb)
τ(Bd)

= 0.969 ± 0.006 ,

Experimental numbers can change: 
a value which originally deviated 

sizeably from one  
can get very close to one 

!!! No allusion to any other ratio intended !!!AL, Piscopo, Rusov  
2208.02643  

Plot credit M. Kirk



Lifetimes
What happened to the theory numbers?

τ(B+)
τ(Bd)

= 1.09 ± 0.02 ,
τ(Bs)
τ(Bd)

= {1.003 ± 0.006(A)
1.028 ± 0.011(B)

,
τ(Λb)
τ(Bd)

= 0.935 ± 0.054 ,

Theory numbers can change: 
• Many theory colleagues could explain the low  lifetime 
• Theory predictions for  depends very strongly on the 

value of the Darwin operator extracted from the  fit!

Λb
Bs

Vcb

Gratrex, AL, Melic, Nisandzic, Piscopo, Rusov in progressAL, Piscopo, Rusov 2022
AL 2014



Lifetimes
How much more do we know in 2022 than in 1986?

2022 talk of ML Piscopo, Zadar



Lifetimes
People in 1986 were of course clever, but they were also very lucky!


1986-2022: huge progress in multi-loop and non-perturbative (sum rules 
and lattice yet to come) - many, many more corrections are now known


Current results are orders of magnitude more reliable, unfortunately 
uncertainty in  due to Darwin term
Bs



Lifetimes
2035: Room for improvement

More multi-loop and more non-perturbative calculations needed

NNLO: Steinhauser and 
friends, planned 

Lattice: Black, Witzel and 
friends, planned

• Improved  fits 
• Fit of inclusive 

semileptonic decays 
• SU(3)F breaking in 

Lattice? Sum rules? 

Vcb

ρ3
D

• Fit of inclusive 
semileptonic  
decays  

• SU(3)F breaking in 
Lattice? Sum rules? 

Bs

μ2
π

AL, Piscopo, Rusov 2022



Lifetimes
Aim: 


• Understand one of the most fundamental properties of elementary particles 

• Understand the hadronic interaction which is binding quarks into hadrons


• Do consistency checks (indirect new physics searches) of the known laws of nature (SM)
AL, Piscopo, Rusov 2022

See below

We can argue about exact precision



Mixing

Aim: 


• Understand the quantum mechanical property of mixing of neutral mesons

• Understand the hadronic interaction which is binding quarks into hadrons


• Do consistency checks (indirect new physics searches) of the known laws of nature (SM)



B-MIXING 

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

The SM rules: B-mixing
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|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

12

12

12

Do not denote:

!ϕs = arg(−M12/Γ12)



Mass difference �Mq
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Experiment: HFLAV 2022 

 

Non-perturbative theory input:  
1) Lattice: ETM, FNAL-MILC, RBC-UKQCD, HPQCD 
2) Sum rules: Siegen, Durham 

Theory CKM Inami-Lim

Buras 
Jamin 
Weisz

In the SM one operator:

λt = VtbV*ts

Multi-loop
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17.4 17.6 17.8 18 18.2

∆ms (ps-1)

Average 17.765 ± 0.006 ps-1

LHCb D−
sπ

+

(6 fb−1 Run 2)
17.768 ± 0.005 ± 0.003 ps-1

LHCb D−
sπ

+π−π+

(9 fb−1 Runs 1+2)
17.757 ± 0.007 ± 0.008 ps-1

CMS J/ψφ
(96.4 fb−1 Run 2)

17.51 + 0.10  ± 0.03 ps-117.51  - 0.09

LHCb J/ψK+K-

(3.0+1.9 fb−1 Runs 1+2)
17.694 ± 0.041 ± 0.011 ps-1

LHCb D−
sπ

+

(1.0 fb−1 Run 1)
17.768 ± 0.023 ± 0.006 ps-1

LHCb D−
sµ

+X
(1.0 fb−1 Run 1)

17.93 ± 0.22 ± 0.15 ps-1

LHCb D−
sπ

+,D−
sπ

+π−π+

(0.036 fb−1 2010)
17.63 ± 0.11 ± 0.02 ps-1

CDF2 hadr+semilept
(1 fb−1)

17.77 ± 0.10 ± 0.07 ps-1

Heavy Flavour
Averaging Group LHCb 

2104.04421
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Why is this interesting? 

1. Interesting SM test per se - QCD/BSM 
2. Determination of SM parameter 
3. Many BSM models predict large effects in �Mq
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Active field: 
- Flag 19: mostly FNAL-MILC (2/16) 
- RBC/UQCD: 12/18 
- Sum rules: Durham 4/19 (based on  Siegen 16-18, Durham 17) 
- HPQCD: 07/19

Averages of lattice and sum rules 
Di Luzio, Kirk, AL, Rauh 

1909.11087   
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Theory error budget 
• Non-perturbative averages of lattice and sum rules, Di Luzio, Kirk, AL, Rauh, 1909.11087 
• CKM fitter input from 12/2019  

Huge improvement/no improvement 

AL, Tetlalmatzi-Xolocotzi 1912.07621
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Theory error budget 
• Non-perturbative averages of lattice and sum rules, Di Luzio, Kirk, AL, Rauh, 1909.11087 
• CKM fitter input from 12/2019  

Huge improvement/no improvement 

AL, Tetlalmatzi-Xolocotzi 1912.07621

BUT

5.8% 
4.4% 
3.1%

FNAL16

HPQCD19

Average lattice /sum rule

δMs



Mass difference �Mq
<latexit sha1_base64="kEga3KFvCK0GKja9cUMd3rF7EvA=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KokIeizqwYtQwX5gG8pmO2mXbjZxdyOU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYng2rjut7O0vLK6tl7YKG5ube/slvb2GzpOFcM6i0WsWgHVKLjEuuFGYCtRSKNAYDMYXk385hMqzWN5b0YJ+hHtSx5yRo2VHjrXKAwlt93HbqnsVtwpyCLxclKGHLVu6avTi1kaoTRMUK3bnpsYP6PKcCZwXOykGhPKhrSPbUsljVD72fTiMTm2So+EsbIlDZmqvycyGmk9igLbGVEz0PPeRPzPa6cmvPAzLpPUoGSzRWEqiInJ5H3S4wqZESNLKFPc3krYgCrKjA2paEPw5l9eJI3TiudWvLuzcvUyj6MAh3AEJ+DBOVThBmpQBwYSnuEV3hztvDjvzsesdcnJZw7gD5zPH99TkGE=</latexit><latexit sha1_base64="kEga3KFvCK0GKja9cUMd3rF7EvA=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KokIeizqwYtQwX5gG8pmO2mXbjZxdyOU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYng2rjut7O0vLK6tl7YKG5ube/slvb2GzpOFcM6i0WsWgHVKLjEuuFGYCtRSKNAYDMYXk385hMqzWN5b0YJ+hHtSx5yRo2VHjrXKAwlt93HbqnsVtwpyCLxclKGHLVu6avTi1kaoTRMUK3bnpsYP6PKcCZwXOykGhPKhrSPbUsljVD72fTiMTm2So+EsbIlDZmqvycyGmk9igLbGVEz0PPeRPzPa6cmvPAzLpPUoGSzRWEqiInJ5H3S4wqZESNLKFPc3krYgCrKjA2paEPw5l9eJI3TiudWvLuzcvUyj6MAh3AEJ+DBOVThBmpQBwYSnuEV3hztvDjvzsesdcnJZw7gD5zPH99TkGE=</latexit><latexit sha1_base64="kEga3KFvCK0GKja9cUMd3rF7EvA=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KokIeizqwYtQwX5gG8pmO2mXbjZxdyOU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYng2rjut7O0vLK6tl7YKG5ube/slvb2GzpOFcM6i0WsWgHVKLjEuuFGYCtRSKNAYDMYXk385hMqzWN5b0YJ+hHtSx5yRo2VHjrXKAwlt93HbqnsVtwpyCLxclKGHLVu6avTi1kaoTRMUK3bnpsYP6PKcCZwXOykGhPKhrSPbUsljVD72fTiMTm2So+EsbIlDZmqvycyGmk9igLbGVEz0PPeRPzPa6cmvPAzLpPUoGSzRWEqiInJ5H3S4wqZESNLKFPc3krYgCrKjA2paEPw5l9eJI3TiudWvLuzcvUyj6MAh3AEJ+DBOVThBmpQBwYSnuEV3hztvDjvzsesdcnJZw7gD5zPH99TkGE=</latexit><latexit sha1_base64="kEga3KFvCK0GKja9cUMd3rF7EvA=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KokIeizqwYtQwX5gG8pmO2mXbjZxdyOU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYng2rjut7O0vLK6tl7YKG5ube/slvb2GzpOFcM6i0WsWgHVKLjEuuFGYCtRSKNAYDMYXk385hMqzWN5b0YJ+hHtSx5yRo2VHjrXKAwlt93HbqnsVtwpyCLxclKGHLVu6avTi1kaoTRMUK3bnpsYP6PKcCZwXOykGhPKhrSPbUsljVD72fTiMTm2So+EsbIlDZmqvycyGmk9igLbGVEz0PPeRPzPa6cmvPAzLpPUoGSzRWEqiInJ5H3S4wqZESNLKFPc3krYgCrKjA2paEPw5l9eJI3TiudWvLuzcvUyj6MAh3AEJ+DBOVThBmpQBwYSnuEV3hztvDjvzsesdcnJZw7gD5zPH99TkGE=</latexit>

Theory error budget 
• Non-perturbative averages of lattice and sum rules, Di Luzio, Kirk, AL, Rauh, 1909.11087 
• CKM fitter input from 12/2019  

Huge improvement/no improvement 

AL, Tetlalmatzi-Xolocotzi 1912.07621

BUT

5.8% 
4.4% 
3.1%

FNAL16

HPQCD19

Average lattice /sum rule

Lattice predictions cover the range 
250.4…282 MeV => 266.2(15.8) MeV 11.9%

δMs
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Theory error budget 
• Non-perturbative averages of lattice and sum rules, Di Luzio, Kirk, AL, Rauh, 1909.11087 
• CKM fitter input from 12/2019  

Huge improvement/no improvement 

AL, Tetlalmatzi-Xolocotzi 1912.07621

BUT

5.8% 
4.4% 
3.1%

FNAL16

HPQCD19

Average lattice /sum rule

Lattice predictions cover the range 
250.4…282 MeV => 266.2(15.8) MeV 11.9%

vs. projections: 1812.07638

2035: 


a long, long way to go 
fBs

, B̂ ∼ 0.5%

δMs

1%
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Theory error budget 

Huge improvement/no improvement 

AL, Tetlalmatzi-Xolocotzi 1912.07621

Assume lattice can do ±1 %
Within the SM

Bordone, Capdevilla, Gambino 2107.00604
2.4%


4.6%


3.4%

δMs

King, Kirk, AL, Rauh 1911.07856

VIncl.
cb ⇒ ΔMs ≡ SM VExcl.

cb ⇒ ΔMs ≡ BSM
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Theory error budget 

Huge improvement/no improvement 

AL, Tetlalmatzi-Xolocotzi 1912.07621

Assume lattice can do ±1 %
Within the SM

Bordone, Capdevilla, Gambino 2107.00604

2.4%


4.6%


3.4%

Inclusive and exclusive cover the range 



=
(38.6…42.67) ⋅ 10−3

(40.7 ± 2.0) ⋅ 10−3 10%

For  we need ±1 % δVcb ≈ 0.2 ⋅ 10−3

δMs

King, Kirk, AL, Rauh 1911.07856
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Theory error budget 

Huge improvement/no improvement 

AL, Tetlalmatzi-Xolocotzi 1912.07621

Assume lattice and  can do Vcb ±1 % 3-loop QCD corrections


2-loop QCD corrections: Buras, Jamin, Weisz 1990 

 

expect an effect of  

1 → ηB ≈ 0.84

±0.16 αs/π = ± 1 %
Gorbahn, Stamou,…? > 2035 
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2035: • Assume: Lattice values for dim 6 matrix elements converge

• Assume:  inclusive vs exclusive converges and direct 

measurement at FCC-ee

• Assume: 3-loop corrections known and confirmed

Vcb
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ΔMSM,2035
s = (19.20 ± 0.29) ps−1

ΔMEXP,2035
s = (17.750 ± 0.002) ps−1

Discovery of BSM with 5 standard deviations

2035: • Assume: Lattice values for dim 6 matrix elements converge

• Assume:  inclusive vs exclusive converge and direct 

measurement at FCC-ee

• Assume: 3-loop corrections known and confirmed

Vcb
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ΔMSM,2035
s = (17.75 ± 0.29) ps−1

ΔMEXP,2035
s = (17.750 ± 0.002) ps−1

Impressive confirmation of the SM description of mixing

2035: • Assume: Lattice values for dim 6 matrix elements converge

• Assume:  inclusive vs exclusive converge and direct 

measurement at FCC-ee

• Assume: 3-loop corrections known and confirmed

Vcb
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Calculation is more difficult than mass difference - use Heavy Quark Expansion

Q1, Q2, Q3
<latexit sha1_base64="Zvgee3NoqU7P4m2D3MyNw9jXYtA=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwISFJLW12RTcuW7Ct0IYwmU7aoZNJnJkUSuh3uHGhiFs/xp1/46StoKIH7uVwzr3MnRMkjEplWR9GYW19Y3OruF3a2d3bPygfHnVlnApMOjhmsbgLkCSMctJRVDFylwiCooCRXjC5zv3elAhJY36rZgnxIjTiNKQYKS15bd++gG3fyVvVL1cs023UatUGtEzLch23ronrunbdhrZWclTACi2//D4YxjiNCFeYISn7tpUoL0NCUczIvDRIJUkQnqAR6WvKUUSkly2OnsMzrQxhGAtdXMGF+n0jQ5GUsyjQkxFSY/nby8W/vH6qwoaXUZ6kinC8fChMGVQxzBOAQyoIVmymCcKC6lshHiOBsNI5lXQIXz+F/5OuY9pV02lfVppXqziK4AScgnNggzpoghvQAh2AwT14AE/g2Zgaj8aL8bocLRirnWPwA8bbJ31XkKM=</latexit>

Each term can be split up into a perturbative part and non-perturbative matrix elements

Status of theory predictions

Q4, Q5, R2, R3
<latexit sha1_base64="kJQyqbe33U3S5jM+3AKw2bCWVu8=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgooSkD9rsim5ctmIf0IYwmU7aoZMHMxOxhP6KGxeKuPVH3Pk3TtoKKnrgXg7n3MvcOV7MqJCm+aHlNja3tnfyu4W9/YPDI/242BNRwjHp4ohFfOAhQRgNSVdSycgg5gQFHiN9b3aV+f07wgWNwls5j4kToElIfYqRVJKrFzturQw7br0Mb9xK1qquXjINu1mvV5vQNEzTrtgNRWzbthoWtJSSoQTWaLv6+2gc4SQgocQMCTG0zFg6KeKSYkYWhVEiSIzwDE3IUNEQBUQ46fL2BTxXyhj6EVcVSrhUv2+kKBBiHnhqMkByKn57mfiXN0yk33RSGsaJJCFePeQnDMoIZkHAMeUESzZXBGFO1a0QTxFHWKq4CiqEr5/C/0mvYlhVo9KplVqX6zjy4BScgQtggQZogWvQBl2AwT14AE/gWVtoj9qL9roazWnrnRPwA9rbJ5cEkjw=</latexit>

HPQCD 1910.00970known
Sum rules and lattice 1909.11087

NNLO-QCD 
Gerlach,  
Nierste, 

 Shtabovenko, 
Steinhauser 
 2205.07907
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In  uncertainties (e.g. ) are cancellingΓ12/M12 Vcb

• No CKM dependence! 
• No GIM suppression! 
• No imaginary part! 
• Small  
• Leading contribution to 

≈ 𝒪(5 ⋅ 10−3)
ΔΓ/ΔM

• CKM suppression 
• GIM suppression 
• Imaginary part via CKM 
• Leading contribution to  
• Tiny contribution to 

afs

ΔΓ/ΔM

VubVud

VtbVtd
= λ0.8 VubVus

VtbVts
= λ2.8

• Stronger CKM suppression 
• Very strong GIM suppression 
• Imaginary part via CKM 
• Subleading contribution to  and sub-

subleading contribution to 
afs

ΔΓ/ΔM

ΔΓs

ΔMs
= (4.33 ± 0.78 (1/mb)

+0.23
−0.44 (μ)+0.09

−0.19
(μ,1/mb) ± 0.12 (B) ± 0.05 (para.))

NNLO-QCD: Gerlach, Nierste, Shtabovenko,Steinhauser 2205.07907

see talk by Vlad on 
Tuesday
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Relation to experiment
<
✓

�q
12

Mq
12

◆
= � ��s

�Mq

=
✓

�q
12

Mq
12

◆
= aqsl

<latexit sha1_base64="pn9PrOhhaC1MRnblFrl8I4CK+Aw="></latexit>

SM predictions (AL, Tetlalmatzi-Xolocotzi 1912.07621, Gerlach, Nierste, Shtabovenko, Steinhauser 2205.07907)

• Strong test of HQE 
• Violation of Quark hadron duality must be small

• Good agreement 
• Experiment about 3 times more precise

• Decay constants cancel 
completely 

• Bag parameter cancel 
largely 

•  dependence cancels!Vcb

ΔΓHFLAV2021
d = (0.7 ± 6.6) ⋅ 10−3 ps−1

• Might solve the D0 di-muon asymmetry 
• Experimental number needed 

ΔΓSM2019
s = (0.091 ± 0.013) ps−1

ΔΓHFLAV2022
s = (0.084 ± 0.005) ps−1

ΔΓSM2022
s = (0.076 ± 0.017) ps−1
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2035: • Lattice and sum rule values for dim 7 matrix elements

• Better understanding of quark masses

•  corrections determined

• Lattice values for dim 6 matrix elements converge


αs/mb



Decay rate difference ��s
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2035: • Lattice and sum rule values for dim 7 matrix elements

• Better understanding of quark masses

•  corrections determined

• Lattice values for dim 6 matrix elements converge


αs/mb

ΔΓHFLAV2035
s = (0.080 ± 0.002) ps−1

ΔΓSM2035
s = (0.085 ± 0.005) ps−1

Amazing confirmation of HQE framework



Semi-leptonic CP asymmetries
Relation to experiment
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SM predictions ( AL, Tetlalmatzi-Xolocotzi 1912.07621)

• Very sensitive to BSM effects! 
• Experimental number needed 

• Decay constants cancel 
completely 

• Bag parameter cancel 
largely

CP violating!

aq
fs = 480 ⋅ 10−5 sin ϕq

12

I am not asking, when will we get 
an update on   , but when 

will we get an update on  ? 
RK, . . .

aq
sl



Relation to experiment
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SM predictions

• Very sensitive to BSM effects! 
• Experimental number needed 

• Decay constants cancel 
completely 

• Bag parameter cancel 
largely

CP violating!

Semi-leptonic CP asymmetries

    Monteil, 12.9.2022 flavour@FCCee! (p.23)δas
sl ≈ 3 ⋅ 10−5



As soon as exp gets very close to SM:

Γcc(μ − 2ϵ)

Γuc(μ − ϵ)

Γuu(μ)



Semi-leptonic CP asymmetries

as,SM2035
fs = (2.0 ± 0.2) ⋅ 10−5

ad,SM2035
fs = − (4.7 ± 0.4) ⋅ 10−4

as,HFLAV2035
fs = (−60 ± 30) ⋅ 10−5

ad,HFLAV2035
fs = (−21.0 ± 3.0) ⋅ 10−4

2035: • Better understanding of GIM cancellations

• NNLO analysis

• Better understanding of quark masses

• Better knowledge of CKM elements

• Lattice and sum rule values for dim 7 matrix elements

•  corrections determined
αs/mb

Discovery of BSM with more than 5 standard deviations



Semi-leptonic CP asymmetries

as,SM2035
fs = (2.0 ± 0.2) ⋅ 10−5

ad,SM2035
fs = − (4.7 ± 0.4) ⋅ 10−4

as,HFLAV2055
fs = (−60 ± 3) ⋅ 10−5

ad,HFLAV2055
fs = (−21.0 ± 0.3) ⋅ 10−4

2035: • Better understanding of GIM cancellations

• NNLO analysis

• Better understanding of quark masses

• Better knowledge of CKM elements

• Lattice and sum rule values for dim 7 matrix elements

•  corrections determined
αs/mb

Discovery of BSM with more than 20 standard deviations

    Monteil, 12.9.2022 flavour@FCCee! (p.23)δas
sl ≈ 3 ⋅ 10−5



Mixing
Aim: 


• Understand the quantum mechanical property of mixing of neutral mesons


• Understand the hadronic interaction which is binding quarks into hadrons


• Do consistency checks (indirect new physics searches) of the known laws of nature (SM)


We can argue about exact precision

More precise value 
for  will be a killer or 
an enabler  for many 

BSM scenarios!

aq
sl



NP in non-leptonic tree-level decays

Aim: 

• Understand the hadronic interaction which is binding quarks into hadrons and their 

interactions in a very complicated environment


 

• Seems to be super far away from exciting BSM searches!

Cambridge dictionary: boring



NP in non-leptonic tree-level decays

See also talk of Eleftheria Malami

Bordone, Gubernari, Huber, Jung, van Dyk 2007.10338; Cai, Deng, Li, Yang 2103.04138 

data
Lower value of  

softness the tension, but 
cannot not resolve it

Vcb



NP in non-leptonic tree-level decays
Underestimated power corrections?


Khodjamirian; Piscopo, Rusov in progress

BSM effects in ?b → cūd

Bounds from collider physics

Bordone, Greljo, Marzocca 2103.10332 

Atkinson, Englert, Kirk, Tetlalmatzi-Xolocotzi in progress
AL, Müller, Piscopo, Rusov  

in progress

Assume:




= BSM
B̄s → D+

s π−

When will we get an  
update on  ? aq

sl



Flavour-specific CP asymmetries

•  is typically measured with semi-leptonic  decays


• One could also use the flavour specific  decay

• Assume: there is new physics in these decays, potentially CP violating

• Derive CP asymmetry

aq
fs Bq

B̄s → D+
s π−

Constrained by 

semi-leptonic 


MeasurementsSignificant exp. deviation of  from  
= unambiguous and theory independent 

signal for BSM

Aq
fs aq

sl

≈ 2r sin ϕ sin φ < 0.40

Fleischer, Vos 1606.06042 
Gershon, AL, Rusov, Skidmore 

2111.04478

    Monteil, 12.9.2022 flavour@FCCee! (p.23)δas
sl ≈ 3 ⋅ 10−5

When will we get a  
number for  ? Aq

fs

ABSM/ASM = reiϕeiφ



NP in tree-level decays
Aim: 


• Understand the hadronic interaction which is binding quarks into hadrons and their 
interactions in a very complicated environment - not yet achieved on a precision level! 

• Seems to be super far away from exciting BSM searches!



Fun with NP in tree-level decays
• Assume there is really BSM acting in  decays

• Then there might be also BSM acting in  - this can modify 

, but not 


• Assume next:  goes away,                                                                
but  and stays


• Could modify the extraction of CKM angle  Brod, AL, Tetlalmatzi-Xolocotzi 1412.1446

b → cūd
b → cc̄s

C9, C10, . . . RK, . . .

RK, . . .
P′￼5, . . . Br(Bs → ϕll), . . .

γ

b s

c
c

W

γ,Z

µ−

µ+

d̄ d̄



Outline

• CKM fits


• Lifetimes


• Mixing: Mass difference , decay rate differences  and semileptonic CP asymmetries 


• NP in Tree-level: One observable to find them (= BSM) all!


• Conclusion:  What will be our legacy?

ΔMq ΔΓq aq
sl



Conclusion 2022

• Determine the fundamental parameters of nature

• Determine if there is CP violation within the SM

• Determine if the amount of CP violation within the SM is sufficient for baryogenesis

• Understand fundamental properties of elementary particles

• Understand the hadronic interaction which is binding quarks into hadrons

• Understand the quantum mechanical property of mixing of neutral mesons

• Do consistency checks (indirect new physics searches) of the known laws of nature (SM)

… - 2022: We have fulfilled many of our aims in particles physics 

Primary aim of particle physics: understand nature on a microscopic level!  
This means not necessarily finding new particles

 Even if our path was not always straight -  
it was leading in the right direction of more insights! 



Conclusion
Besides these achievements: what else will stay from our activities? 


Your/my time is probably our most valuable good! 

Experimental spin-offs are huge, well-known and often discussed


But what about the practical value of higher order corrections to the HQE?



Multi-loop activities:
Application for Gravitaional waves
Many papers, e.g. groups of  Zvi Bern  (Los Angeles), Rafael 
Porto (Hamburg), Blümlein and Marquard (Zeuthen), 
Mastrolia (Padova )

Applications in pure maths (number theory): 
Herbert Gangl (Maths, Durham)  new relations among special functions 
https://arxiv.org/pdf/1609.05557.pdf https://arxiv.org/pdf/1801.07816.pdf
"In order to derive and check the results given in this paper we used 
Goncharov’s symbol for iterated integrals as it was implemented in 
Mathematica by Duhr [3] for our joint paper [4].”

These results used by Goncharov and Rudenko to prove a conjecture 
in number theory  https://arxiv.org/pdf/1803.08585.pdf

Thanks to Claude Duhr, Tobias Huber

https://arxiv.org/pdf/1609.05557.pdf
https://arxiv.org/pdf/1801.07816.pdf
https://arxiv.org/pdf/1803.08585.pdf


Lattice activities
• Lattice Holographic Cosmology: Lattice + Holography -> 
 post-diction of CMB, alternative to LambdaCMB (see Jüttner 
https://cernbox.cern.ch/index.php/s/BvgEuncLxgYBtVr)

• Quantengravity on the lattice(e.g. dynamical triangularisation)

• Study of critical exponents via lattice (solid state physics)

• Lattice algorithms are used in ML and Data Science e.g. 
Duane, Kennedy, Pendleton, Roweth: Hybrid Monte Carlo

• Lattice community starts to think about QFT on quantum 
computer

https://en.wikipedia.org/wiki/QCDOC
The QCDOC (quantum chromodynamics on a chip) is a 
supercomputer technology focusing on using relatively cheap low 
power processing elements to produce a massively parallel 
machine. The machine is custom-made to solve small but extremely 
demanding problems in the fields of quantum physics. 
QCDOC can be seen as a predecessor to the highly successful 
Blue Gene/L supercomputer.

Early use of GPUs for scientific calculations
https://arxiv.org/abs/hep-lat/0611022

Many Lattice physicists  moved on to work in hardware or software 
industries e.g. Nvida:

Lattice QCD simulations often part of acceptance tests for new 
super computers

Thanks to Oliver Witzel

Thanks to Andreas Jüttner

Methods from lattice:
• Markov Chain Monte Carlo 

(MCMC)
• Importance Sampling
• Multigrid Algorithms
• Tensor Approximations

Thanks to Tilo Wettig

Applied in other fields:
• Condensed Matter Physics
• Quantum Computing
• Engineering
• Chemistry
• Bioinformatics
• Economics/Finance

https://cernbox.cern.ch/index.php/s/BvgEuncLxgYBtVr
https://en.wikipedia.org/wiki/QCDOC
https://en.wikipedia.org/wiki/Quantum_chromodynamics
https://en.wikipedia.org/wiki/Supercomputer
https://en.wikipedia.org/wiki/Low-power_electronics
https://en.wikipedia.org/wiki/Low-power_electronics
https://en.wikipedia.org/wiki/Microprocessor
https://en.wikipedia.org/wiki/Massively_parallel_(computing)
https://en.wikipedia.org/wiki/Quantum_physics
https://en.wikipedia.org/wiki/Blue_Gene/L
https://arxiv.org/abs/hep-lat/0611022


Conclusion

• Non-perturbative improvements (lattice, sum rules)

• perturbative improvements

• better understanding of Quark masses

• Determination of CKM elements

Scenario 2035 A: Without current  and  anomalies 
 We have amazing prospects for further improving on our aims (precision) 

b → sll b → clν

Besides improvements in perturbation theory and lattice also completely 
new tools are around the corner: quantum computing…..


Not mentioned today: application for the charm

In addition a lot of fun around: e.g. discovery potential for BSM effects 
with more than 20 sigma in ,  and  possible and interesting 
additional Null-tests  ,…, hadronic decays,…

ΔM ΔΓ asl
as

fs(B̄s → D+
s π−) − as

sl



Conclusion
Scenario 2035 B: With any current or new anomaly confirmed with 5+x sigma 
 



How to spend your most valuable good till 2035
Work in a field that organises conferences at exciting, exotic places



How to spend your most valuable good till 2035
Even more exotic places

CHARM 2023
Siegen, Germany

The 11th International
Workshop on Charm Physics
July 17-21, 2023


