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Charm CP violation and oscillations

Charm decays

The Heavy Flavor Averaging Group

The Heavy Flavor Averaging Group (HFLAV) was established at the May 2002 Flavor Physics and CP Violation Conference (Philadelphia)
and continues the LEP Heavy Flavor Steering Group's tradition of providing regular updates to the world averages of heavy flavor

measurements.

Our report Averages of b-hadron, c-hadron, and tau-lepton properties as of 2023 presents the latest averages. See an overview in

e b-hadron lifetimes and oscillation parameters

¢ Semi-leptonic B decays

o Unitarity triangle angles

e B decays to charm final states

e Charm CP violation and oscillations

Check out our full list of publications Averages of b-hadron, c-hadron, and t-lepton properties as of ...
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A strong collective effort from different experiments

The co-leaders of HFLAV are Mirco Dorigo (INFN Trieste, Belle II) mirco.dorigo@ts.infn.it and Ulrik Egede (Monash University, LHCb) ulrik.egede@monash.edu

Oscillations Rare Decays
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B To Charm « Marcello Rotondo (INFN Frascati, BABAR / LHCb)
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Daniel Johnson (Birmingham, LHCb)
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Roman Mizuk (ICJLab, Belle II)
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| FU In semileptonic B decays
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Getting more and more crowded!
Now contours with 68% CL
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CPV In D9 osclllations
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Rare decays

Branching fractions of B radiative and FCNC decays with leptons (part 5)
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Always report BR estimates for combinations!

< i
<
lel BB+ —»K*vp)
1
|—0-| : I HFLAV
i | ' PDG
1 —&— BaBar
lof L * 1
I 1 —e— Belle Il
1
I —e— Belle
1
< .
[
1 - 1
lo I - ® |
[
1
° T }
|—.'| 1
1
T - T T
<4 2 3 4
: : : le-5
1077 106 10-°
txperiment Measurement [10-5] sz Reference Comments
verage (1.38 +0.35 5.55 jp = 0.23 (ndf=4)
.7 .
PDG 2.30 fg.ﬁi pdgLive _— —
Belle 1.00 + 0.60 0.41 |Phys.Rev.D 96,091101 (2017) |Semileptonic %.Pa&only reports UL. The value reported here is calculated in Ref.~\cite{Belle-11:2023
Belle Il 2.34+0.5 105 2.05 |Phys.Rev.D 109,112006 (2024)
BaBar 0.20 1080 2.19 |Phys.Rev.D 82,112002 (2010) |Semileptonic ta
Belle 2.90 £ 1.60 0.90 |Phys.Rev.D 87,111103 (2013) Hadror@nly reports UL. The value reported here is calculated in Ref.~\cite{Belle-11:2023eslI
BaBar 1.50 ¥170+020 0.01 |Phys.Rev.D 87,112005 (2013) |Hadronic tag:
- . — |
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https://hflav-eos.web.cern.ch/hflav-eos/rare/May2025/html/radll/Bu/BR_B+_K+_nu_nubar.html

[~V In tau decays

90% CL upper limits on T LFV decays
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Many updates from Belle |l expected!



Precision normalisation

BR(Y(4S)—BB) needed to get all B decay rates. Careful treatment of
common isospin assumptions and current knowledge of non-B8B decays

Measurement Method External parameters Experiment
fr=/f%
1.04 +0.07 4 0.04 Jhp K ) 7(B1)/7(B% = 1.066 £ 0.024 CLEO, 2001 [11]
1.06 + 0.02 + 0.03 (ce) K™) 7(B1)/7(B%) = 1.086 4+ 0.017 BABAR, 2005 [12]
1.065 £ 0.012 + 0.019 + 0.047 Jhy K 7(B1)/7(B% = 1.076 - 0.004  Belle, 2023 [13]
1.058 +0.084 + 0.136 D*ly 7(BT)/7(B% = 1.074+0.028 CLEO, 2002 [14]
1.01 +0.03 +0.09 Dilepton 7(B1)/7(B% =1.083+0.017  Belle, 2003 [15]
events T(BO) (1.542 £ 0.016) ps
fOO
0.487 + 0.010 =+ 0.008 BABAR, 2005 [16]
/B
—0.0011 £ 0.0143 + 0.0107 Semileptonic CLEO, 1996 [17]
decays
> 0.00264 + 0.00021 Sum of known BABAR, Belle See Roman’s
channels B2 talk at 18/08 PGM
% =0486110005, fT =05113700%3,  fp=0.00264755505 foo = 1.05240.031

Impact all B branching fractions, [Veb|, ¢2/a,

14


https://indico.belle2.org/event/16064/contributions/98308/attachments/36144/53637/mizuk_prod_frac_180825.pdf
https://indico.belle2.org/event/16064/contributions/98308/attachments/36144/53637/mizuk_prod_frac_180825.pdf

HIgh-precision normalisation

BR(D°—h+h’-) reaching 1% precision
require careful treatment of subtle
effects such as final-state radiation.

Events /5 MeV
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Measurements spanning from 90
till nowadays use different PHOTOS 1o*
versions: inconsistent impact on

C : i 5 I'.- i
efficiencies. P v e S T T
mg-.. (GeV/c?)
Modes Description B(D° — K—7) (%) x*/(deg. of freedom)
{ K-7v  PDG 2023 [302] equivalent ~  3.910 £ 0.006 + 0.033 T5.1/(9—1) = 0.64 %
b Kt drop Ref. [1332] 3.913 + 0.006 = 0.033 5.1/(8 — 1) = 0.73 |

{ Kot add FSR updates 3.948 4+ 0.006 + 0.032 £ 0.019  3.5/(8 — 1) = 0.50
; 3.7/(8 — 1) = 0.53 }

T __add FSR correlations _3.949 £ 0.006 £ 0.032 i0033_ ; 1) :
~add CLEOC "CDF, and FOCUS hh - 3.956 + 0.006 £ 0.032 = 0.033 11.1/(14 — 3) = 1.01

all add BESIII h*h- 3.999 + 0.006 + 0.031 £ 0.032 36.0/(16 — 3) = 2.77

1% shift comparable to current precision. Impact many B rates,,
exclusive SL decays (and the gap), [Vob|, fs/fq, ...
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PDG versus HFLAV

* |s HFLAV just duplicating PDG work?
- Many PDG averages are in fact provided by HFLAV

* In depth reviews often depends on HFLAV analysis.

- Many branching fraction fits compared and multiple issues
identified and fixed on both sides

» (General practical differences b/w PGD and HFLAV

- Preliminary results: HFLAV does include them, PDG does not

- Inflating uncertainties (for low p-value):
PDG does, HFLAV (generally) does not

16



Multiple HFLAV results in PDG

Some examples...

B’ MEAN LIFE

AmBl) = mB([l{—mBl}‘

. . =0 T
Ampo is a measure of 27 times the B° — B oscillation frequenc:

See B*/B°/BY/b-baryon ADMIXTURE section for data on B-hadron me

VALUE (107" s)
o, “OUR EVALUATION" is an average using rescaled values of the «

(1517 £4) x 1073 OUR EVALUATIONS ) and includes Am, calculated from y; measured at 7°(4.9).

e ———

I'(r~ — particle™ > 0 neutrals > 0K v, (**1-prong"))/Tota VALUE (10™2 Fi s 1)

0.5069 + 0.0019 OUR EVALUATIC? |
['1/T = (T34 U5+ Do+ o+ g+ T+ Doo+ Dog+ Doz Dog+ Tgp+ T JU——— '

+ 0.719461 150+ 0.719461" 154+ 0.719461" 156+ 0.336411" 170+ 0.083

sin(20)

VALUE (%)

{ (Produced by HFLAY) }

S VAR -

For a discussion of ¢~ 89-24 £ 0.06 OURFI

VALUE
i VALUE (10 2) ___ po
0.710 + 0.011 OUR EVALUATIONE s
—— 3.522 + 0.037 OUR EVALUATIONS_(Produced by HFLAV] #
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https://pdglive.lbl.gov/DataBlock.action?node=S042BET
https://pdglive.lbl.gov/DataBlock.action?node=S042T
https://pdglive.lbl.gov/DataBlock.action?node=S042D
https://pdglive.lbl.gov/BranchingRatio.action?desig=219&parCode=S035&home=
https://pdglive.lbl.gov/DataBlock.action?node=S052CB1

Multiple HFLAV results in PDG

Table 76.2:

76. Semileptonic b-Hadron Decays, Determination of Vcp, Vup

|Vas| (in units of 1072

) from inclusive B — X, /7, measurements. The first uncer-
tainty on |V,| is experimental, while the second includes both theoretical and HQE parameter
uncertainties. The values are generally listed in order of increasing kinematic acceptance fu (0.19
to 0.90), except for the BABAR E. >0.8 GeV measurement; tP5 oo orr

based on recoil methods. The Belle 2023 measurement is not ye

70. D°-D° Mixing

Ref. cut (GeV) BLNP G(normalized to D° — K~n* decays, and results from HFLAV [15] obtained from a global fit to all
CLEO [181] E.>21 422 + 49 T gg 423 + relevant data that allows for both mixing and CP violation (see Section 70.7). The experiments
BABAR [184] E, — ¢* 471 + 32 - gg not a typically perform a single fit for parameters Rp, 2’2, and y/; results for /2 and gy’ are listed in
Belle [182] E.,>19 493 + 46 + gg 495 + Table 70 3. Allowing for CP violation, the experiments measure parameters (RD,:c '2,y) and
BABAR [183] Ee > 0.8 441 + 12 -i- gg 396 + (RD’ ,y ) [OI' equlvalently (RD’ ) instead of (R RD)] by Separately ﬁttlng the DO Ktn—
. and D° — K~ 7T event samples.
q°>8 + 26
BABAR [186] mx <Ll 152423 + %g . Table 70.2: Results for R, Rp, and Ap as measured using D° — K*7F decays. When a single
BABAR [186] P, <066 409+257 5 425+ taintv is listed. that ds to statistical and svstemati tainti bined. Th
T 22 1104 uncertainty is listed, that corresponds to statistical and systematic uncertainties combined. e
BABAR [186] mx < 1.7 403 £+ 22 - 19 measurements with an asterisk (*) have been superseded and thus are not included in the HFLAV
BABAR [186] E;,>13 433 + 24 ! 444 % o1ohal fit (Section 70.7). The measurements with a dagger () are not included in the HFLAV
E;>1 405+23 T 5, 415 global fit due to much poorer precision.

Belle [173]

415+24 + 18

Coggbination

428 413 * 2

425 +
Year Experiment R(x1073) Rp (x1073) Ap (%)
419+ 5518 LHCb (5.0 b L D* tag) [16] - 3.454%0.031 ~0.01£0.91
w2017  LHCb (3.0 fb~! B+D*
double tag) [17] — 3.484+0.10 —3.15+3.31
2014  Belle (976 fb~1) [18] 3.8640.06 3.5340.13 —
2013 CDF (9 6 fb- 1) [19] 4.3040.05 3.5140.35 —
2007 _ g DNt potly o, 3.53+0.08+£0.04  3.03+£0.16+0.10 —2.1+52+1.5
£ 3.434 +0.019 —0.70 £ 0.36
2013b" " PRISuEedeiisatn i — 3.568+0.066 —0.7+1.9
2013a* LHCb (1 0 b 1) [22] 4.25+0.04 3.5240.15 —
2008*  CDF (1.5 fb~1) [23] 4.15+0.10 3.04+0.55 —
2006*  Belle (400 fb1) [24] 3.7740.08+0.05 3.6440.18 2.3+£4.7
20057  FOCUS (234 evts) [25] 4297084027  5.171}1314+0.76 13%32+10
2000 CLEO (9.0 fb—1) [26] 3.32 +8 ggio 40 4.841.240.4 -113%+1
1998"  E791 (5643 evts) [27] 6.8 33+0.7 — — "
RS “tesccetmnnsttpdTT


https://pdglive.lbl.gov/ParticleGroup.action?init=0&node=MXXX045
https://pdglive.lbl.gov/ParticleGroup.action?init=0&node=MXXX035

VALUE (1012 5)

(1517 + 4) x 103 OUR EVALUATION £ (Produced by HFLAV)

» Often many clicks away from a web page that gives the
background to the result.

- Sometimes nowhere to find the information about
which papers used, which theory parameters, etc.

 Scientifically very unsatisfactory that specific HFLAV
results are often hard to find full and accurate
documentation for.

- PDG has made huge improvements in this area


https://pdglive.lbl.gov/DataBlock.action?node=S042T

Making us FAIR

* The principles we should aim for our results:

- Findable = assign doi

- Accessible = open long-term repository (Zenodo)

- Interoperable = JSON files (matching PDG standard)

- Reusable = Improve documentation and software

20


https://zenodo.org

A first example

* Tau results saved in Zenodo 750000 T
Wit h a p e rm an e n-t d O i . Planned intervention: On Monday, October 6th, 06:30 UTC, Zenodo will be unavailable for 1-2 minutes to perform an upgrad

IZ/=W\YA Heavy Flavor Averaging Group

* Specific results cited as: o o
“Sw. Banerjee et al., Averages of b-

HFLAV Tau averages
h adron, C_h a dron, a n d ta u-lepton Heavy Flavor Averaging Group &

pr O pert I es as Of 2 02 3 / HFLAV results for Tau mass, lifetime and branching fractions through August 2024
[arXiv:2411.18639], with specific result """

Sw. Banerijee et al., *Averages of b-hadron, c-hadron, and tau-lepton properties as of 2023*, [arXiv:2411.18639]
° 7/ (https://arxiv.org/abs/2411.18639), with specific result from [doi:10.5072/zenodo.13989054]
from doi:10.5282/zenodo.13989054."  twsiasiosrosoraszencds isesoss)
Alternatively use the bibtex record

@article{Banerjee:2024znd,
collaboration = "Heavy Flavor Averaging Group, HFLAV",

[ ]
(] NO more enerIC author = "Banerjee, Swagato and others",

title = "{Averages of $b$-hadron, $c$-hadron, and $\tau$-lepton properties as of 2023}",
eprint = "2411.18639",

/7”7 d d f b 1 archivePrefix = "arXiv",

PR an Up ates rO‘ , , We page primaryClass = "hep-ex",

month = "11",
year = "2024",

note = "{with specific result from \href{https://doi.org/10.5281/zenodo.13989054}
{{\texttt{doi:10.5281/zenodo.13989054}}}}"

* Have also permanent }
iInformation on all inputs,
with references to cite.
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https://doi.org/10.5281/zenodo.13989054

Status and work ahead

» Continuous updates on website — www.cern.ch/hflav

* Work on FAIR principles, targeting to be fully in place for
next spring/summer.

* Improve documentation (webpage) as well in parallel

» Talk/write to us for any comment, suggestion, complaint...

22


http://www.cern.ch/hflav

HELAV

What word comes to mind?
Result:

Confusing website
high-frequency-laser-assisted

Triangle Inclusive reliable Loves Fl Averages REra ) DA e
New Physics average aVO rPDG Heavy ice-cream R(D¥)

The combination gurus
Name of a viral disease Rpst HFAG

Cool people A ' i i
nno.Ylng Heavy flavour Fit Vlolatlorl\s elementary
Correlations vessel results 45 qigma

cool stuff library COMBOS

H as heavy

Branching ratios Heavy Flavour Averaging Group
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From the 2025 CKM workshop few weeks ago



