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Why do I care? The quest for new physics

2D mixing, indirect CPV and charm hadron lifetimes

• Look directly for new particles produced
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Why do I care? The quest for new physics

5D mixing, indirect CPV and charm hadron lifetimes

• Look directly for new particles produced • Look for the indirect influence of  unknown 
particles on calculable quantities 

Direct Searches Indirect Searches

Each approach is complementary to the other

A. Davis Blank 1 / 1

A. Davis Blank 2 / 2

Some new 
particle

Some particles  
we know

Some new 
particle

M. Bona 
IPA 2022

https://indico.cern.ch/event/837621/contributions/4988453/attachments/2503467/4300964/bona-utfit.pdf
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• Traditionally, mixing governed by 2x2 phenomenological Hamiltonian 

 

• Diagonalized by , where  are complex numbers,  

• Mixing defined by dimensionless parameters  

• Indirect CPV encapsulated by  

• Can access dispersive/absorptive parts directly with using  and now  and  (PRD 103,053008(2021)) 

• Depending on final state, can define observables which are sensitive to these underlying parameters

H = M − iΓ

|D1,2⟩ = p |D0⟩ ± q |D0⟩ p, q |p |2 + |q |2 = 1

x = Δm/Γ, y = ΔΓ/2Γ

q
p

≠ 1, ϕ = arg ( q
p ) ≠ 0

x12, y12, ϕ12 ϕM
f ϕΓ

f

The same slide from the last 2 presentations

6D mixing, indirect CPV and charm hadron lifetimes

https://arxiv.org/pdf/2001.07207.pdf
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• At LHCb, reconstruct decays in two specific ways

Measurement strategies

7D mixing, indirect CPV and charm hadron lifetimes

HcPV

IP ~ 0

HbPV

IP  0≫

Hc

Prompt (from PV) Secondary

• In stark contrast to  colliders 

• Must account for cross-contamination between the two  lean on IP and related quantities to separate

e+e−

→
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• Three major data-taking periods: 

• Run1 (2011-2012) -  

• Run2 (2015-2018) -  

• Run3 (Happening Now) 

• Note, Run3 detector is brand new

≃ 3 fb−1

≃ 6 fb−1

The Data Samples

8D mixing, indirect CPV and charm hadron lifetimes
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The Data Samples

9D mixing, indirect CPV and charm hadron lifetimes

D0 → K−π+

Δm

Λc → pK−π+

Charm hadrons already visible in Run3 data samples! 
Commissioning is ongoing 
LHCb-FIGURE-2023-011

See talk by G. Tuci

https://cds.cern.ch/record/2859415
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• To date, LHCb has upended conventional knowledge about charmed baryon lifetimes  
precision tests of  HQET, etc 

•  

•  

•  

•  (Noting 2022 BelleII Measurement) 

•  

• Challenged previous measurements, and upended conventional understanding

→

τSL(Ξ+
c ) = 456.8 ± 3.5 ± 2.9 ± 3.1 fs

τprompt(Ω0
c) = 276.5 ± 13.4 ± 4.4 ± 0.7 fs

τSL(Ω0
c) = 268 ± 24 ± 10 ± 2 fs }τ(Ω0

c) = 274.5 ± 12.4 fs

τprompt(Ξ++
cc ) = 256+24

−22 ± 14 fs

τSL(Λ+
c ) = 203.5 ± 1.0 ± 1.3 ± 1.4 fs

τprompt(Ξ0
c) = 148.0 ± 2.3 ± 2.2 ± 0.2 fs

τSL(Ξ0
c) = 154.5 ± 1.7 ± 1.6 ± 0.1 fs}τ(Ξ0

c) = 152.0 ± 2.0 fs

Baryon Lifetime Measurements

10D mixing, indirect CPV and charm hadron lifetimes

PDG

18 15. Quark Model

for the excitation spectrum discussed in Sec. 15.8. The results are basically consistent with the
level counting of SU(6)¢O(3) in the standard non-relativistic quark model and show no indication
for quark-diquark structures or parity doubling. Consequently, there is as yet no indication from
lattice that the mis-match between the excitation spectrum predicted by the standard quark model
and experimental observations is due to inappropriate degrees of freedom in the quark model.
15.5.2 Charmed and bottom baryons

The naming scheme for baryons with c or b quarks follows that of the light baryons: the » is an
isosinglet and the À an isotriplet with one heavy (s, c or b) quark. The … is an isodoublet which
contains two heavy quarks, and the œ an isosinglet with three heavy quarks. The number of c or
b quarks is indicated by the subscripts c or b. Hyperons are baryons with at least one s quark.

For charmed baryons the addition of the c quark to the light quarks extends the flavor symmetry
to SU(4)f . Due to the large mass of the c quark, this symmetry is much more strongly broken
than the SU(3)f of the three light quarks. Nevertheless, the SU(4)f representation is still useful
for bookkeeping purposes. With the additive charm quantum number C the baryons are classified
in a 3-dimensional representation with the three coordinates ( I z, Y , C ). Figure 15.5 shows the
SU(4)f weight diagrams.

Figure 15.5: SU(4)f multiplets of ground state baryons made of u, d, s, and c quarks. (a) The
spin 1

2 20-plet extends the charmless SU(3)f octet to C = 1,2; (b) the spin 3
2 20-plet extends the

SU(3)f decuplet to C = 1, 2, 3.

With four quarks the 64 possible configurations decompose into

4 ¢ 4 ¢ 4 = 4̄A ü 20S ü 20MS ü 20MA, (15.29)

(for a review on SU(N) symmetries see e.g. [69]). The subscripts S and A refer to the symmetry
and antisymmetry properties of the flavor wave functions. The flavor symmetric 20S multiplet,
associated with spin-3

2 baryons, contains the charmless SU(3)f decuplet at the bottom level. The
20MS and 20MA multiplets correspond to the mixed symmetric and mixed antisymmetric flavour
wave functions of the spin-1

2 baryons, with the charmless octet baryons at the bottom level. There
are two dsc and two usc spin-1

2 states, labeled …
0
c , …

Õ
c

0 and …
+
c , …

Õ+
c . This is because one of the

qq pairs can have spin 1 (symmetric) or spin 0 (antisymmetric), giving both the total spin j = 1
2

with the third quark (see also Fig. 15.6 below).
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SciB 67 (2022) 479 
PRD100 (2019) 032001 
PRL 121 052002 (2018)

https://arxiv.org/abs/2206.15227
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.98.030001
http://10.1016/j.scib.2021.11.022
https://doi.org/10.1103/PhysRevD.100.032001
https://doi.org/10.1103/PhysRevLett.121.052002
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Measured by LHCb

Not yet observed

Observed

Decay Strongly

Decay Electromagnetically

Opportunities! 
Will require observation of missing states 

first

SciB 67 (2022) 479 
PRD100 (2019) 032001 
PRL 121 052002 (2018)

https://arxiv.org/abs/2206.15227
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.98.030001
http://10.1016/j.scib.2021.11.022
https://doi.org/10.1103/PhysRevD.100.032001
https://doi.org/10.1103/PhysRevLett.121.052002
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• Measurements of  CP asymmetries require information on nuisance asymmetries 

 

• Detection asymmetries: E.g. response of  detector to  can differ from  

• Production asymmetries: At time of  production, can produce more  than  (  collisions) 

• Control of  these asymmetries requires essentially a dedicated analysis per physics result

Araw ≃ ACP + Aprod + Adet + Atrigger + 𝒪(A3)

K+ K−

D0 D0 pp

From Lifetimes to Time Dependent CPV

12D mixing, indirect CPV and charm hadron lifetimes



   /  22adam.davis @ cern.ch

Mixing and CPV in WS D0 → K+π−

13D mixing, indirect CPV and charm hadron lifetimes

PRD97 (2018) 031101 
PRD95 (2017) 052004

• Responsible for first-ever single experiment 
observation of  Mixing in  

•  

• Current measurements:  

• Prompt: Run1+2015+2016 

• Doubly-Tagged: Run1 

• Statistic dominated. Dominant systematic 
in prompt is secondary overlap, in DT is in-
depth knowledge of  detection asymmetry 

• Legacy updates soon - watch this space

D0

R±(t) = R±
D + R±

D y′ ± t
τ

+
(x′ ±)2 + (y′ ±)2

4 ( t
τ )

2

Prompt

DT

https://doi.org/10.1103/PhysRevD.97.031101
https://doi.org/10.48550/arXiv.1611.06143
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• Can perform a similar analysis with  by 
splitting into bins of  constant strong phase ("Bin-flip" 
method), with a slightly different time dependence 

• Measure  

• Prompt, SL(2016-2018) + combination 

• Statistics limited  

• Dominant systematic:  tagging (SL) and 
resolution from detector effects (Prompt) 

• First ever measurement of  non-zero x

D0 → K0
s π+π−

xCP, yCP, ΔX, ΔY(AΓ)

D0μ

Mixing/CPV in D0 → K0
Sπ+π−

14D mixing, indirect CPV and charm hadron lifetimes

LHCb-PAPER-2022-020 
PRL 127, (2021) 111801

Fit for Prompt

https://arxiv.org/pdf/2208.06512.pdf
https://doi.org/10.1103/PhysRevLett.127.111801
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15D mixing, indirect CPV and charm hadron lifetimes

LHCb-PAPER-2022-020 
PRL 127, (2021) 111801

Fit for Prompt

Huge impact on World Average at time of publication

https://arxiv.org/pdf/2208.06512.pdf
https://doi.org/10.1103/PhysRevLett.127.111801
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• Motivation: Necessary for extraction of   from  decays 

• Time dependence described by 

 

• Can use world average of   to extract 

γ B → D0K

R(t) ≃ (rK3π
D )2 − rK3π

D RK3π
D y′ K3π

t
τ

+
x2 + y2

4 ( t
τ )

2

x, y rK3π
D , RK3π

D , δK3π
D

Mixing in D0 → K±π∓π+π−

16D mixing, indirect CPV and charm hadron lifetimes

y′ K3π = y cos δK3π
D − x sin δK3π

D
RK3π

D eiδK3π
D = ⟨cos δ⟩ + i⟨sin δ⟩

no-mixing excluded by 8.1 σ

PRL 116, 241801 (2016)

Prompt Run1 only  stay tuned→

https://cds.cern.ch/record/2134036/files/PhysRevLett.116.241801.pdf
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• Can express the CP asymmetry to CP eigenstates as  

•  

• Can be expressed as the difference between effective lifetimes  measure slope of  
time dependent CP asymmetry 

• Samples: Prompt Run 2, Evaluate using  for special treatment of  
kinematic dependent nuisance asymmetries. 

 

• Combined with previous measurements for Legacy Result 

ACP(t) =
Γ(D0 → f ) − Γ(D0 → f )
Γ(D0 → f ) + Γ(D0 → f )

≃ Adir
CP +

t
τ

Aind
CP + 𝒪 (( t

τ )
2

)
→

D0 → K−π+

ΔY = (−2.7 ± 1.3 ± 0.3) × 10−4

 or AΓ ΔY

17D mixing, indirect CPV and charm hadron lifetimes

PRD104 (2021) 072010 
JHEP04(2015)043 

PRL 118 (2017) 261803 
PRD 101 (2020) 012005

ΔYKK = (−0.3 ± 1.3 ± 0.3) × 10−4

ΔYππ = (−3.6 ± 2.4 ± 0.4) × 10−4

ΔY = (−1.0 ± 1.1 ± 0.3) × 10−4

ΔYKK − ΔYππ = (3.3 ± 2.7 ± 0.2) × 10−4

 or −AΓ ΔY ≃ − x12 sin ϕM
f − y12ad

f

https://arxiv.org/pdf/2105.09889.pdf
https://link.springer.com/article/10.1007/JHEP04(2015)043
https://doi.org/10.48550/arXiv.1702.06490
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012005
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• Can re-write the effective decay widths relative to Cabibbo Favoured  
as 

•  

• However, should no longer neglect  influence (JHEP 2022, 162 (2022)), 
hence 

•  

• Hence, measure , using prompt 

decays in full Run2 dataset, accounting for secondary contamination

D0 → K−π+

y f
CP =

Γ̂(D0 → f ) + Γ̂(D0 → f )
2Γ

− 1 = y12 cos ϕΓ
f

D0 → K−π+

Γ̂(D0 → f ) + Γ̂(D0 → f )
Γ̂(D0 → K−π+) + Γ̂(D0 → K+π−)

− 1 ≃ y f
CP − yKπ

CP ≃ y(1 + RD)

Rf(t) =
N(D0 → f, t)

N(D0 → K−π+, t)
∝ e−(y f

CP−yKπ
CP)t/τ ϵ( f, t)

ϵ(K−π+, t)

yCP

18D mixing, indirect CPV and charm hadron lifetimes

yππ
CP − yKπ

CP = (6.57 ± 0.53 ± 0.16) × 10−3

yKK
CP − yKπ

CP = (7.08 ± 0.30 ± 0.14) × 10−3

Largest systematic is background modelling/understanding

PRD 105, 092013

https://doi.org/10.48550/arXiv.2106.02014
https://doi.org/10.1103/PhysRevD.105.092013
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Zum Einkaufen Gehen

19D mixing, indirect CPV and charm hadron lifetimes

Measurement Run 1 Run 2 Run 1/2 Legacy Run 3
WS Mixing/CPV Prompt + DT Prompt Run1 +2015/16 Stay Tuned

DACP Prompt + SL Prompt+SL (+Discovery) Prompt+SL (+Discovery)
ACP(KK) Prompt+SL Prompt+SL Prompt+SL

Prompt + SL Prompt + SL Prompt + SL
Model Dependent Bin Flip (Prompt + SL)

Prompt Stay Tuned
yCP SL Prompt

...

D0 → K0
s π+π−

D0 → π+π−π0

D0 → K±π∓π+π−

D0 → K+K−π+π−

Stay 
Tuned

See  
E. Gersabeck

ΔY

D0 → K0
Shh′ Stay 

Tuned
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• LHCb has collected the largest sample of  Charm hadrons in the world. With it, we have 

• Up-ended conventions on charm baryon lifetimes 

• Pushed the boundaries on Mixing and indirect CPV searches 

• Are testing theory with unprecedented precision 

• Run3 is now - we shall see what the future holds

Conclusion

20D mixing, indirect CPV and charm hadron lifetimes
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Backup

23D mixing, indirect CPV and charm hadron lifetimes
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• Search with 2016-2018 data in decay mode  

• Multivariate selection (BDT) trained to reduce combinatorial 
background 

• Local significance: , Global:  

• Upper limits set on  at  for 

Ω+
cc → Ξ+

c K−π+

3.2σ 1.8σ

σ × ℬ 1.1 × 10−1 to 0.5 × 10−2 τ ∈ [40,200] fs

Search for  LHCb-PAPER-2021-011Ω+
cc

24D mixing, indirect CPV and charm hadron lifetimes

Sci. China Phys. Mech. Astron. 64 (2021) 101062

https://cds.cern.ch/record/2766883/files/document.pdf
http://dx.doi.org/10.1007/s11433-021-1742-7

