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Outline
• B-mixing - Box diagrams 

• Mass differences  

• Decay rate differences  and semileptonic CP asymmetries  

• BSM contributions to mixing and  in the SM and beyond 

• A relation to trick them all
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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)
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Mass difference �Mq
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Experiment.: HFLAV 2021 

 

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:
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Non-perturbative theory input:  
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In the SM one operator:
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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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Very active field: 
- Flag 19: mostly FNAL-MILC (2/16) 
- RBC-UK: 12-18 
- Sum rules: Durham 4/19 (based on  

Siegen 16-18, Durham 17) 
- HPQCD: 07/19

New averages of lattice and sum rules 
Di Luzio, Kirk, AL, Rauh 

1909.11087   JHEP
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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>

HP-QCD 1910.00970known
Sum rules and lattice 1909.11087



Decay rate difference ��s
<latexit sha1_base64="rOckzdc0MVG75FTaOixlNfg0x8c=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0lE0GNRQY8V7Ac0IUy2m3bp7ibsboRa+ku8eFDEqz/Fm//GbZuDtj4YeLw3w8y8OONMG8/7dlZW19Y3Nktb5e2d3b2Ku3/Q0mmuCG2SlKeqE4OmnEnaNMxw2skUBRFz2o6H11O//UiVZql8MKOMhgL6kiWMgLFS5FaCG8oN4OAWhIBIR27Vq3kz4GXiF6SKCjQi9yvopSQXVBrCQeuu72UmHIMyjHA6KQe5phmQIfRp11IJgupwPDt8gk+s0sNJqmxJg2fq74kxCK1HIradAsxAL3pT8T+vm5vkMhwzmeWGSjJflOQcmxRPU8A9pigxfGQJEMXsrZgMQAExNquyDcFffHmZtM5qvlfz78+r9asijhI6QsfoFPnoAtXRHWqgJiIoR8/oFb05T86L8+58zFtXnGLmEP2B8/kDGzmSuA==</latexit><latexit sha1_base64="rOckzdc0MVG75FTaOixlNfg0x8c=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0lE0GNRQY8V7Ac0IUy2m3bp7ibsboRa+ku8eFDEqz/Fm//GbZuDtj4YeLw3w8y8OONMG8/7dlZW19Y3Nktb5e2d3b2Ku3/Q0mmuCG2SlKeqE4OmnEnaNMxw2skUBRFz2o6H11O//UiVZql8MKOMhgL6kiWMgLFS5FaCG8oN4OAWhIBIR27Vq3kz4GXiF6SKCjQi9yvopSQXVBrCQeuu72UmHIMyjHA6KQe5phmQIfRp11IJgupwPDt8gk+s0sNJqmxJg2fq74kxCK1HIradAsxAL3pT8T+vm5vkMhwzmeWGSjJflOQcmxRPU8A9pigxfGQJEMXsrZgMQAExNquyDcFffHmZtM5qvlfz78+r9asijhI6QsfoFPnoAtXRHWqgJiIoR8/oFb05T86L8+58zFtXnGLmEP2B8/kDGzmSuA==</latexit><latexit sha1_base64="rOckzdc0MVG75FTaOixlNfg0x8c=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0lE0GNRQY8V7Ac0IUy2m3bp7ibsboRa+ku8eFDEqz/Fm//GbZuDtj4YeLw3w8y8OONMG8/7dlZW19Y3Nktb5e2d3b2Ku3/Q0mmuCG2SlKeqE4OmnEnaNMxw2skUBRFz2o6H11O//UiVZql8MKOMhgL6kiWMgLFS5FaCG8oN4OAWhIBIR27Vq3kz4GXiF6SKCjQi9yvopSQXVBrCQeuu72UmHIMyjHA6KQe5phmQIfRp11IJgupwPDt8gk+s0sNJqmxJg2fq74kxCK1HIradAsxAL3pT8T+vm5vkMhwzmeWGSjJflOQcmxRPU8A9pigxfGQJEMXsrZgMQAExNquyDcFffHmZtM5qvlfz78+r9asijhI6QsfoFPnoAtXRHWqgJiIoR8/oFb05T86L8+58zFtXnGLmEP2B8/kDGzmSuA==</latexit><latexit sha1_base64="rOckzdc0MVG75FTaOixlNfg0x8c=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0lE0GNRQY8V7Ac0IUy2m3bp7ibsboRa+ku8eFDEqz/Fm//GbZuDtj4YeLw3w8y8OONMG8/7dlZW19Y3Nktb5e2d3b2Ku3/Q0mmuCG2SlKeqE4OmnEnaNMxw2skUBRFz2o6H11O//UiVZql8MKOMhgL6kiWMgLFS5FaCG8oN4OAWhIBIR27Vq3kz4GXiF6SKCjQi9yvopSQXVBrCQeuu72UmHIMyjHA6KQe5phmQIfRp11IJgupwPDt8gk+s0sNJqmxJg2fq74kxCK1HIradAsxAL3pT8T+vm5vkMhwzmeWGSjJflOQcmxRPU8A9pigxfGQJEMXsrZgMQAExNquyDcFffHmZtM5qvlfz78+r9asijhI6QsfoFPnoAtXRHWqgJiIoR8/oFb05T86L8+58zFtXnGLmEP2B8/kDGzmSuA==</latexit>
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SM predictions (AL, Tetlalmatzi-Xolocotzi 1912.07621)

• 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

ΔΓHFLAV2021
s = (0.082 ± 0.005) ps−1

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

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



Semi-leptonic CP asymmetries
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!

aq
fs = 480 ⋅ 10−5 sin ϕq

12



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



BSM Contributions to Mixing
• General BSM contribution to  (AL, Nierste, 0612167) 

                              This phase arises e.g. in the extraction of  and  

                              Experiment actually measures  

•  General BSM contribution to  (AL, 1106.3200) 

      Mixing phase in the semi-leptonic asymmetries   

Mq
12 = MSM,q

12 |Δq |eiϕΔ
q

β βs

βExp = βSM +
1
2

ϕΔ
d + βSM

Peng + βBSM
Peng

Γq
12 = ΓSM,q

12 | Δ̃q |e−iϕ̃Δ
q

ϕq
12 = ϕSM,q

12 + ϕΔ
q + ϕ̃Δ

q



BSM Contributions to Mixing
• How large can the new physics phases be? 

 

             

• BSM in tree level decays? (AL, Tetlalmatzi-Xolocotzi 1912.07621) 

Small imaginary part in  could have huge effect in  

Some recent excitement about colour-allowed tree-level decays  

Can  be measured in ? 

βExp − βSM = 22.14∘ − 23.7∘ ± 1.5∘ = − 1.56∘ ± 1.5∘

βExp
s − βSM

s = 1.46∘ − 1.06∘ ± 0.7∘ = 0.4∘ ± 0.7∘

b → cc̄d, s ad,s
sl

> 5σ

as
sl B̄s → D+

s π−

2007.10338 
2008.01086 
2103.04138 
2103.10332

aq
sl ≤ aExp,q

sl ≈ ± 280(170) ⋅ 10−5

Or can we do better?



BSM Contributions to Mixing
AL, Tetlalmatzi-Xolocotzi 1912.07621

 is not constrained beyond the 
experimental bound

ad
sl  seems to constrained to about half of the  

experimental value ( ) from  
BUT a proper treatment requires inclusion of Darwin term 

AL, Piscopo, Rusov 2004.09527

as
sl

±140 ⋅ 10−5 τ(Bs)/τ(Bd)



A relation to trick them all



As soon as Exp gets close to SM:

Γcc(μ − 2ϵ)

Γuc(μ − ϵ)

Γuu(μ)


