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Tree-level only (direct measurement): Loop-level only (indirect measurement):
O .
v = (64.6 £ 2.8)°|(LHCb) v = (66.2977712)°|(CKMfitter)
LHCb-CONF-2024-004

« Direct Y measurements at tree levels is a ''standard-candle'" for SM

« To be compared with indirect measurements (with potential new
physics in loop level) -> Possible BSM sensitivity in case of discrepancy

« A1° precision on direct measurements -> Test the global validity of
CKM formalism up to at least 17 TeV Phys.Rev.D 89 (2014) 3, 033016

Vid
v ub) = arg(p + i) = CKM Matrix complex phase = The parameter to access CPV !
cd” cb

V= arg(—



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.033016
http://ckmfitter.in2p3.fr/
https://cds.cern.ch/record/2905625
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Tree-level only (direct measurement): Loop-level only (indirect measurement):
O .
v = (64.6 & 2.8)°| (LHCD) ~ = (66.297972)°|(CKMfitter)
LHCb-CONF-2024-004

Direct Y measurements at tree levels is a "'standard-candle" for SM

To be compared with indirect measurements (with potential new
physics in loop level) -> Possible BSM sensitivity in case of discrepancy B_‘O

A 1° precision on direct measurements -> Test the global validity of |
CKM formalism up to at least 17 TeV Phys.Rev.D 89 (2014) 3, 033016 rpett

Directly measurable in interference between cs and U DK __ +0.22
y rfere ety b — ucs b — cus rDE — (9.72_0.21)%
processes (golden channel is B* —+ D'K=*).


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.033016
http://ckmfitter.in2p3.fr/
https://cds.cern.ch/record/2905625

y measurement depends on Adp, the strong phase difference between D° — f (§p)and D° — f (65)

Varies on Phase-Space of the 4-body decay D° — K%rn—n°

1

Similar method to the one in JHEP 01 (2019) 82 ( , from Resmi P.K thesis)

-> Binned map of strong phase from JHEP 10 (2018) 178 (Resmi P.K, J. Libby, S. Malde, & G. Wilkinson- )
(with 0.82fb™! ¥(3770) dataset)

Bin Bin region my, my
(GeV/c?) (GeV/c?)
1 m,_:,. .o~ m, 0.762 0.802
2 myy,- ~mge- & 0790 0.994
m +,0 ~ mp+ 0.610 0.960
3 mgo.e Amger & 0.790 0.994
Exclusively M, 0 A~ m, 0.610 0.960
defined 4 M0 A M- 0.790 0.994
5 M0+ A Mpcet 0.790 0.994
6 M0 70 A Mcso 0.790 0.994
7 M, 40 A M+ 0.610 0.960
8 My o & M, 0.610 0.960
\/ 9 Remainder - - 4



https://link.springer.com/article/10.1007/JHEP10(2019)178
https://link.springer.com/article/10.1007/JHEP01(2018)082

One can then deduce N;—L, the measured yields (cf paper LHCb-PAPER-2020-019):

|-, PndD _
o [ = E Dj PrdD are fractions of D"/DVinbini (y = efficiency at a given point in phase-space D)
A (
e f+ is a normalisation factor Nipwe = [ox(Fi + r55°F, + 24/ B (c;aPX + siyP%))
A | Drives statistical
o g = M?:ﬁ 4~ precision on Y : Nipw = fhulFi + R FFy(cia?™ — siy?™))
I, |Al|A|CdD C= C?S(MD) N5 = fo.(F+rp T 2 FiF(c;z®™ + s;y°™))
\/fp |A]2dD [, |A?dD 5 = sin(Ap) |
\ N;,LDW b (F+rp F + 24/ EFy(ciz?™ — s;yP™))

@08(53 + )

® Yt = TBS@

= “Cartesian coordinates” or “CP-observables”



https://arxiv.org/abs/2010.08483

One can then deduce N;—L, the measured yields (cf paper LHCb-PAPER-2020-019):

sz’ PndD
) fpj PndD

e f+is a normalisation factor
Drives statistical

OFZ':

A
o 'p = Aol 4= precision on Y
|Ap_, pokl
fp |A||A|CdD C = COS(A&D)
S = sin(Adp)

\/fD |A]2dD [, |A]2dD

@COS@B +7)

® Yt = TBS@

are fractions of D’/ DV in bin i (y = efficiency at a given point in phase-space D)
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N pwe = foulFs +r§K F, + 24/ FiF(c;xP® + s;yPK

7

Nipk = o (Fr + 15" F + 24/ FF(cia?

Z,

Nipe = fon(Fs + 37 F; + 24/ FiF(czP™ + siyP"

F+2

Nf,LDw fh.(F+ 13 EFy(ciz™ — siy"

\

= “Cartesian coordinates” or “CP-observables”

=

FPE — pPmif -

=

o B* — D%+ and B* — D°K*have a similar selection and efficiency mapping through D
o PID cut efficiency is the same for all of the 9 bins

o 9x9 Migration matrix is similar between B+ — D%+ and B* — D°K=

All those hypothesis have been tested and validated ! 6



https://arxiv.org/abs/2010.08483

One can then deduce N;—L, the measured yields (cf paper LHCb-PAPER-2020-019):

-
Nipx = fox(Fi+r DR, + 24/ FFy(ciePX + 5,yP%)) == Simultaneous fit on 36 categories :
o 2 channels
J Nipk = fic(Fi+ B F + 24/ FF (e — siyP")) o 2charges
N _ T2 — - o 9bins
Ni,Dw = wa(Fi + 7"B7r Fz + 2 F;'F;'(Ci.%'_7T + Siy_ﬁ))
T w2 T
| Nipr = 5 (Fi 15T Fi + 24/ FiFy(ciz )™ — siy7™))

==) C; and S; are taken as inputs from CLEO-c paper JHEP 10 (2018) 178

==) NN are observables measured in LHCb
== X,y are CP-observables fitted with the simultaneous fit
== F, & F, are free independent parameters in the simultaneous fit

Note : In principle r5; = r5 but left independent in Simultaneous fit



https://link.springer.com/article/10.1007/JHEP01(2018)082
https://arxiv.org/abs/2010.08483

One can then deduce N;—L, the measured yields (cf paper LHCb-PAPER-2020-019):

y
Nipx = fox(Fi+r DR, + 24/ FFy(ciePX + 5,yP%)) == Simultaneous fit on 36 categories :
o 2 channels
J Nipk = fic(Fi+ B F + 24/ FF (e — siyP")) o 2charges
N _ T2 — - o 9bins
Ni,Dw = wa(Fi + 7“B7r Fz + 2 FiFi(Ci.Z'_W + Siy_ﬁ))
. mm) Extraction of physics parameters from ., Y+
| Ny = 5.+ 1B 4+ 2y FF (e — s,yP7)) =

==) C; and S; are taken as inputs from CLEO-c paper JHEP 10 (2018) 178

==) NN are observables measured in LHCb
== X,y are CP-observables fitted with the simultaneous fit
== F, & F, are free independent parameters in the simultaneous fit

—DT‘B—\/CBJF—I-er’ ’rB \/ +y— (ZU_|_,’y+)

Note : In principle r5; = r5 but left independent in Simultaneous fit



https://link.springer.com/article/10.1007/JHEP01(2018)082
https://arxiv.org/abs/2010.08483

Sketch the selection steps for this measurement

Use of the reference mode B+ — D=+ that is topologically identical, statistically more
interesting and less sensible to CP asymmetry

B(B* — D°n*) = (12.67 +0.43) x B(B* » D°K*) = (4.61 +0.10) x 10~
Selection adapted for Runs 1vs 2 and for KJDD vs LL

Selection based on 2 Multivariate-Analysis and unidimensional cuts on particle masses :
o First MVA : MLP method on geometrical and topological variables from D and its daughters
(impact parameters, vertex quality, vertex relative position, photons identification, etc)
o Unidimensional cuts on K¢, m%and D°masses

o Second MVA : MLP method on geometrical and topological variables from B decay

Cut on PID likelihood difference to limit bachelor track misID

Choosing the best candidate in case of multiplicity (mainly due to 7w°), thanks to a MVA trained

on MC, discriminating true signal events .
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A complete study of physical background has been processed, using full simulation of >20 modes

Here is a list of studied backgrounds. Non-negligeable ones are surrounded for |B* — D°z=land B — D K=

B* — D*— D(— K m)rr® B* - D*[— DY(— K ann®)n|n* B — D*%|— D(— K rrn®)nE]nT
B* — D*[— D(— Krr)y]r® B* — D¥[— D(— K rnnl)y|n® B’ — D**[— D'(— Kann®)nT| KT
B* — D¥[— D(— Kn)n'|K* B* — D*[— DY(— Knn®)n'|K* B! — D'(— Krn))KFr®
B* — D[~ D'(— Ky K* B* = D*[— D(— Kyrrm’)y] K+ N | |

B* = DV D K )y (1) eightedwith Lauracs toacconnt

B* —» D*[— D%(— K rm)n|pt(— ntaY)

Bt D*O[ R DO( K mmo),y] ( _ Wiﬂo> for resonances (LHCb amplitude
+ +0 0 L 0 ’ model LHCb-PAPER-2014-036)
BE = Do DA Krmnp™(o 750) - e pas pO(os Ky nd K (o KE) A\
B* — D(— Km)pt(— nEn?) B* — D*[—= D(— Kanr')y|K**(— K*n') \&%'(0““
aC
B* — DY(— Km)K**(— K*n°) B* = D'(— Kanr')p™(— 7=7") \g\‘\%

B* — D'(— Kanrn®) K*%(— K*r') ﬂOQ
e Additional study has been made in K{and D"sidebands, limiting impact of K -less and charm-less
backgrounds to less than 0.66% and 0.15% on the signal respectively at 90% CL.

e Background components are included in global mass fit through parametric PDFs “RooKeyPDF”

objects (after a smearing to adapt MC to DATA signal width) B


https://arxiv.org/abs/1407.7712
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Run simultaneous unbinned minos CP-fit on DATA (36 categories):
e All shapes fixed by global fits (signal, physical and combinatorial backgrounds, cross-feed)
e Sum of the yields (integrated over bins) constrained to the yields in the global fits
e For fit stability, CP-observables x?™ and y{™ are fixed for B — D= channel, according to LHCb

combination (-> systematic uncertainty)

e Consider two separate values for r2%~ = \/(2PF)2 + (yPE)2 and r3 " = /(2PF)2 + (yPK)?
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Run simultaneous unbinned minos CP-fit on DATA (36 categories):
e All shapes fixed by global fits (signal, physical and combinatorial backgrounds, cross-feed)
e Sum of the yields (integrated over bins) constrained to the yields in the global fits

e For fit stability, CP-observables x?™ and y{™ are fixed for B — D= channel, according to LHCb

combination (-> systematic uncertainty)

-05 0

| =
=]
n

e Consider two separate values for r2%~ = \/(2PF)2 + (yPE)2 and r3 " = /(2PF)2 + (yPK)?
e Fit method validated by Toy Study
DK — X X70083
sl - 25 )
: o 7 DK _ +0.125
osf- s - y— o = XX 5148
osf- TN o DK __ +0.084 -
ozf (\ O i Ly = XX_O.ogz Statistical A\
of N :_.-‘ : DK _ y y+0.225 uncertainty only
N E Y+ = —0.178
e = For Comparison, see Belle results;
o5 Blind DATA :|central =
asf A values shifted ! - T— Y- Ty Y+
AT O e A | I Ol 0.095+0.121 0.35470737 —0.030 £0.121 0.22010+%


https://link.springer.com/article/10.1007/JHEP10(2019)178

I Prob = minimization of global y?
o . Plugin = frequency computed on
e Statistical uncertainty only A\ simulated toys (1k toys per value)

e Interpretation (GammaCombo — Prob and plugin methods )

N - | 3
~ 08 gliC . LHCb - — g
0.6 - A B""B‘.J ] 0.6

i ;] A\ Blind DA’

0.4 - - 0.4
0.2 - 0.2

%3 0 05 1 is 0 10 200 300

Z100 100

DK
Y [°] DK 50K [
Prob: Plugin :
_ +22 C
¥ = (XX leg )° v = (XX"355)° The latest LHCb combination (Summer 2024) :
0.102 i v 68.3 % CL 95.4 % CL
TIB?K = XX __|-8 833 TIB?K = XX —_I_ 0.092 RIRDAIRE  Sae Uncertainty Interval Uncertainty ~ Interval
7] 64.6 +2.8 [61.8,67.4] o [58.9,70.1]
21
) g K _— (XXi_ng? G 551{ = (X X —_|_30 © rOK (%] 9.73 021 [9.53,9.94] +0.42 [9.33,10.15]
0BK[] 1274 Az [124.4,130.2] e [121.2,133.0]

e Precision on 7 gpimproved by ~30% wrt Belle (2019) 15



e Most of the analysis is now done (selection, background analysis, global fit, CP-fit, most cross-checks
and systematics, etc )

e >2.5x Belle statistics - > A statistical sensitivity of about 20°

e An Analysis Note under WG review + Presented as blinded results in a plenary talk at LHCb June 2024
week in Glasgow -> First steps towards the journal publication for this pioneer measurement in LHCb

e Expectimprovements with the upcoming BESIII strong-phase measurement (20fb™* dataset on tape at
¥ (3770) resonance) -> Planned collaboration with Oxford team to update this analysis with Run 3 and
BESIII inputs

e This mode can also be used later to participate to an Amplitude Analysis of this D° decay (good purity)

o Foreseen analysis combined with measurements using decay B — D*(2010)tu~ X
o Quick and dirty feasibility study for BR measurement of D* — K*~p* already made

o Not measured since Mark IIl in 1994 ... 30 years ago !

o Possible model-dependent analysis following the amplitude model

16
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e One of the four main experiments at LHC (with ATLAS, CMS and ALICE)
e 20m forward spectrometer (2<n<5) : general detector specialized in beauty and charm study

e Physics program involves flavour physics, CP violation measurements, EW, exotic particles, heavy ion physics, ...
-> Initially designed to study CPV and rare decays in beauty and charm sectors -> Extended program

e Excellent vertexing, tracking, momentum resolution and particle identification (K vs 7t)+photons reconstruction

The LHCb detector ~{ uon Chambers
=

VErtex LOcator (VELO):
= §t = 45fs
= g(IP) ~ 20pm

LHCb MC

Vs =14 TeV

Calorimeters

Particle Identification:
* epp(K) = 95%

- ICharm ?lilzrcks e f | Tracking System: " epp() = 97%
ow-na | . S~ 5 ) gk
4 Tm Dipole Magnet p/p % epip(e) = 90%

* a(pp — c€)~20 a(pp ~ bb)

pp collision point:

LHCb MC
{s=14TeV

- Almost all the sub-detectors are useful for my complicated mode 18



2 photons reconstruction =

B* — D%(— Kintn—n%)h*

Displaced vertices

PV = p-p collision

In VELO (KgLL) or after VELO (K,DD)

VELO

VELO track

resolved °

5 charged tracks

Upstream track
T1 T2 T3

Long track

Downstream track

- Almost all the sub-detectors are useful for my complicated mode 9



e 9 fbintegrated luminosity during Runs 1+2 -> More to come with run 3+4 (50 fb) and HL-LHC (300 fb™)
e Already ~8 fb*in 2024

e High statistics for high precision measurements
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Vs Vi | = ) A AN
Vie Vi AN (1 — p— 7)) mypv:

CKM Matrix describes transition between quarks through weak
interaction -> the source of CPV in SM
+ Predicts 3 families of quarks (‘73)! > 2 (‘08)
Its elements can been determined from experiment
-> Parameterization with 4 independent parameters




Unitary equations and triangle: vV =

0.7
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Via Vis Vi -2 A (AN — i)

Vea Ves Vo | = —\ p AN?
Via Vis Vi AN (1 —p—in)| —AN?

« CKM Matrix describes transition between quarks through weak
interaction -> the source of CPV in SM

+ Predicts 3 families of quarks (‘73)! > 2

- Its elements can been determined from experiment

-> Parameterization with 4 independent parameters
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Unitary equations and triangle: VV1 = I

VudVp + VedVg + ViaVi, = 0

o
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Ved

Vud Vus Vub 1 — %2 A [AA3(15 - Z’ﬁ)]
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CKM Matrix describes transition between quarks through weak
interaction -> the source of CPV in SM
+ Predicts 3 families of quarks (‘73)! > 2 (‘08)
Its elements can been determined from experiment
-> Parameterization with 4 independent parameters

- Goal : Sensitivity to BSM effects if unitarity triangle is broken by
discrepancy between direct and indirect measurements

« The current state of y measurements (LHCb-CONF-2024-004) :

Direct: v = (64.6 £ 2.8)°-> Tree Level = standard candle

CKMfitter

Indirect: v = (66.319:7)°

—1.9) ->Loops /Penguin diagrams

= arg(p + i) = CKM Matrix complex phase = The parameter to access CPV !

>3 23



https://cds.cern.ch/record/2905625
https://cds.cern.ch/record/2905625

VC’ KM

. : NP loop [Scales (in TeV) probed by
Couplings

order |Ba4 mixing| Bs mixing
|Cij| = |Vaa Vi | | tree level 17 19
(('I\'.\l-]ik(‘}- one loop 1.4 1.5
|Cij| =1 tree level| 2 x 10° 5 x 10°
(no hierarchy) | one loop | 2 x 10 40

TABLE II. The scale of the operator in Eq. (3) probed by
Ba and B: mixings at Stage II (if the NP contributions to
them are unrelated). The impact of CKM-like hierarchy of
couplings and/or loop suppression is indicated.

Phys. Rev. D 89 (2014) 033016

-> Test of global validity of the CKM
formalism in tree level diagrams

Via Vis Vi -2 A (AN — i)
Vea Ves Vo | = —\ — %2 AN?
Via Vis Vi AN (1 —p—in)| —AN?

« CKM Matrix describes transition between quarks through weak
interaction -> the source of CPV in SM
+ Predicts 3 families of quarks (‘73)! > 2 (‘08)
- Its elements can been determined from experiment
-> Parameterization with 4 independent parameters

- Goal : Sensitivity to BSM effects if unitarity triangle is broken by
discrepancy between direct and indirect measurements

« The current state of y measurements (L-ICHb-CONF-202/4-004) :

Direct: v = (64.6 £ 2.8)°-> Tree Level = standard candle

. CKMfitter 40.7\0
Indirect : ¥ = (66.377'9)° -> Loops / Penguin diagrams

» According to CKMfitter group, a sub-degree precision on direct
measurement would test SM up to dozens of TeV energy scales
-> Only possible in association of multiple analysis
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https://cds.cern.ch/record/2905625
https://arxiv.org/pdf/1309.2293.pdf
https://cds.cern.ch/record/2905625
https://arxiv.org/abs/1309.2293

Same final state D%=[D%/D°] |
Relative weak phase y measured in the interference

between b — cusand b — ucstransitions by amplitude %
modulation " W= s
Golden channel = B¥ — DOK= B () iV
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' Same final state D9=[DO/D°] “

Relative weak phase y measured in the interference
between b — cusand b — ucstransitions by amplitude
modulation

Golden channel = BT — DYK*

Possible analogy with Young slits with a slit thinner than
the other

optical optical screen

screen (front view)

monochromatic
wave
(e.g. alaser)

screen with
two slits
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*BPGGSZ = Bondar, Poluektov (Eur. Phys. J. C 55 (2008) 51)
Giri, Grossman, Soffer, Zupan (Phys. Lett. B 253 (1991) 483)

The Amplitude A g for the decay from B to final state (at a given point in
the D decay phase-space D ) is :

DK™\ ¢i) _ ,
Ap = A+ rge'0BH7) 4| (1)
foK~ 5
N -> O p = strong-phase difference between B* — D°K*and B* — DOK=
DOK— > A (resp A) = Amplitudes for D° — f (resp DO — f)
A _
> rg= :AB%DOK; —» Drives statistical precision on Y
B—DOK

The probability density for a decay at a pointin D : Py = |Ag|? = |A]? + 75| A|* 4+ 2rgR[A* AetOB+7)]

As A*A = |A||Ale**°P , we obtain : [Pz = P+ 4P + 2V PPlz_C — y_S]| (2)

With :

o (' =cos(Adp) o P=|A
o S =sin(Adp) o P=|A

e y+ = rpsin(dp £

x4 = rgcos(dp + )

= “Cartesian coordinates” or “CP-observables”
Similar formalism for B~, with: A < A and 7 < —v 27

27


https://arxiv.org/abs/0801.0840
https://arxiv.org/abs/0210433

y measurement depends on Adp, the strong phase difference between D° — f (§p)and D° — f (65)

Varies on Phase-Space of the 4-body decay D° — K%rn—n°

1

Similar method to the one in JHEP 01 (2019) 82 ( , from Resmi P.K thesis)

-> Binned map of strong phase from JHEP 10 (2018) 178 (Resmi P.K, J. Libby, S. Malde, & G. Wilkinson- )
(with 0.82fb™! ¥(3770) dataset)

Bin Bin region my, muy
(GeV/c?) (GeV/c?)
1 m,:, .o~ m, 0.762 0.802
2 mgo, ~Amg-& 0790 0.994
M+ g0 A2 M+ 0.610 0.960
3 Mo, Amger & 0790 0.994
Exclusively M, 0 A2 M, 0.610 0.960
defined 4 M0 - A Mo 0.790 0.994
5 Mo, A Mcas 0.790 0.994
6 M0 0 A Mcro 0.790 0.994
7 M, 40 & M+ 0.610 0.960
8 M, 0 &% M, 0.610 0.960
Vo Remainder - - 28 28



https://link.springer.com/article/10.1007/JHEP10(2019)178
https://link.springer.com/article/10.1007/JHEP01(2018)082

y measurement depends on Adp, the strong phase difference between D° — f (§p)and D° — f (65)

= i w T Tl |
Varies on Phase-Space of the 4-body decay D — Kz tr— " I'''=h (Kl +r5K; + 24 KiKi(ciz— + szy—)>

l Fj = h (FL . 12 T’QBKi + 2 KLKL(CLT_{_ —_ ,Qiy_}_))

Similar method to the one in JHEP 01 (2019) 82 ( , from Resmi P.K thesis)

-> Binned map of strong phase from JHEP 10 (2018) 178 (Resmi P.K, J. Libby, S. Malde, & G. Wilkinson- )
(with 0.82fb™! ¥(3770) dataset)

e K;and K; are fractions of D°/D?in bin i k. ki eglon L, iy
(GeV/c?) (GeV/c?)
e } is a normalisation factor : Mptm—qo &My - 0762 0.802
2 mgo.- Amge- & 0790 0.994
S \AB_>150K| «—— Drives statistical precision on 'Y Myt 70 A Myt 0.610 0.960
¢ 'B— [Ap_, por| 3 mgo. Amges & 0790 0.994
Rt O = cos(Abp) m, 0~ m, 0.610  0.960
o ___Jp|AlAICID o A5D 4 mygo, ~mge. 079 0994
" \[In, |ARAD [, | 412D = sin{Adp) 5 Mgges~mges 079 0994
' ' 6 mK%ﬂ.o ~N Mp«0 0.790 0.994
. 7 M, 40 & M+ 0.610 0.960
@BC()S@B + ) o y+=rpsin(dp ) 8 M, — 0 & M, 0.610 0.960
: 29
9 Remainder - - 29

= “Cartesian coordinates” or “CP-observables”



https://link.springer.com/article/10.1007/JHEP10(2019)178
https://link.springer.com/article/10.1007/JHEP01(2018)082

« The 3-body decay mode used in BPGGSZ with Run 1+2 dataset is currently the most precise y

measurement. The 4-body decay with 7rstill not measured in LHCb

0.5 1.0 1.5 2.0

2.5

sy [GeVZ/cH]
1.8 A
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Q
S
N
%
o 147
|
w
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1.0 +
T T T T T
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yDK

BE = DK h h)h*
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: 0.8 =
0.05 - L ]
0.00 1 ; !
| 041 6339, NN .
g BT R :
| 0.2 = =
~0.10 - [ 95.5%, i
] Dol kN N O e o s % o b | TR % % Y OY X O V - f z 3 - l
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https://arxiv.org/abs/2010.08483

JHEP 01 (2019) 82

Events / (8.6 MeV)

Rt

002

AE (GeV)

T T T b 6\ T T B

@ 1% 4 f (b)

—— Data ] 3 E [ —— Data E

w— Total fit g4 F| == Total fit =

« = = Signal 1 » « « = Signal E

= = Continuum ¢ B E E i

444444 Combinatorial BB| | & E 3

=+ K-7 cross-feed 3 [; Fl= 3

F :

3 E

AR TRt 1) Solf 3 E
al o L

0.3

Pull
A o o

e

"

D _—

- — M, y(best fit x, y)

0.2f = M
0.151 (a) p+ -
0.1F |=|=. .
0.05- 1 ; ! ; —_

G:“.:I. l.::.l::lnI.nIn:I l .f'_*_'l
i 2 345 671780

Bin number

In B+

V=

(5 7+1O 2

+ 3.5 =

TB

— DYK¥*: 815451 events with ~60% purity at 2¢

- 5.7)°

95% Confidence level : 7y & (—29.7 109.5)0
= (32.3 £14.74+ 2.3 £5.1)%

D

-> Compatible with LHCb combination at 20, given the large error
-> Uncertainty dominated by statistics

.é A — M r_d(l)estfitx,y)l
Z i i
0.2 :_ o feie + :\"lmcas

0.15F B~ &

0.1F -

0.05 L -

|| P .l....I..l..l....l-l-*-l-:..'..l....

1 2 3 4 5 8 7 9

Bin number

Kgn’rt'
Ken*n n®
Combination

- Aim of this thesis : Perform equivalent pioneer measurement at LHCb

~100

150
(])1 (degrees)
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https://link.springer.com/article/10.1007/JHEP10(2019)178

ch
One can then deduce N;—L, the measured yields (cf paper LHCb-PAPER-2020-019): %
( DK27 + (.. .DK DK fDi PndD
ng,_DK = fp(Fi +rg" EF,+2\/ FiF(c;zZ" + sy~ ")) o [i= Zj fD, P?]dD
+  _ f+ (F . DK?p (. DK _ .. DK g
) Nipx = for(Fi +rp7 Fi 4 2y Filiciay™ = siy.7) e 1 = efficiency at a given point in phase-space
Nipe = fou(Fi+ 157 F; + 2y FiF(cix”™ + siy”™))
fe . DK  1Dn
| N, = 15T+ B F 4 2y B (el — ) * Hypothesis: F;"% = F;

' o B* — D%* and B* — DOK# have a similar selection and efficiency mapping through D
F.D K _ F.D T if 4 o PID cut efficiency is the same for all of the 9 bins

o 9x9 Migration matrix is similar between B* — D%x*and B* — DK+

e

All those hypothesis have been tested and validated ! .
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https://arxiv.org/abs/2010.08483

Sketch the selection steps for this measurement

Use of the reference mode B+ — D=+ that is topologically identical, statistically more
interesting and less sensible to CP asymmetry

B(B* — D°F) = (12.67 +0.43) x B(B* — D°K*) = (4.61 +0.10) x 10~
Selection adapted for Runs 1vs 2 and for KJDD vs LL

Selection based on 2 Multivariate-Analysis and unidimensional cuts on particle masses :
o First MVA : MLP method on geometrical and topological variables from D and its daughters
(impact parameters, vertex quality, vertex relative position, photons identification, etc)
o Unidimensional cuts on K¢, m%and D°masses

o Second MVA : MLP method on geometrical and topological variables from B decay

Cut on PID likelihood difference to limit bachelor track misID

Choosing the best candidate in case of multiplicity (mainly due to 7w°), thanks to a MVA trained

on MC, discriminating true signal events L
33



Table 7.6:  Stripping selections of B2DOPiD2KSPiOHHLLResolvedBeauty2CharmLine,
B2DOKD2KSPiOHHLLResolvedBeauty 2CharmLine, B2DOPiD2KSPiOHHD DResolved Beauty2Char
B2DOKD2KSPiHHDDResolvedBeautv2CharmLine lines.

Particle Quantity Criteria
Event #PV >0
#long tracks < 500
HLT2IncPhi  True
or HLT2Topo(2|3]4)Body True
B* Invariant Reconstructed Mass 750, 7000] MeV/c?

Spr 5000 MeV/e
Vertex : x3/nDof < 10
T >02ps
ws(@prra)(BPVDIRA) > 0.999
BPVIPCHI2 < 25
At least one daughter HasTrack = True
pr > 1700 MeV/e
p = 10000 MeV/e
Track : x*/nDof < 4.0
Min IPy* > 16
Min [P = 0.1mm
Bachelor =/ K HasTrack = True
Track : x*/nDof < 40
pr > 500MeV/e
p > 5000 MeV/e
Min IPy? > 40
fi Spr = 1800 MeV/e
Reconstructed Mass € [1614.84, 2114.84] MeV/¢?
DOCA < 0.5mm
Vertex : x*/nDof < 10
BPVVDCHI2 = 36
ws(@pira) (BPVDIRA) =0
"t fw” pr > 100MeV/ie
p = 1000 MeVie
Track : x*/nDof < 40
Min IPy? =40
70 Mass € (105, 165 MeV/c?
pr = 500 MeV/
p = 1000 MeV/e
K Mass € [467,527) MeV/¢?

At least one daugther...

Pr

plm™)

7t : Min IPy?
CL photon 12
”

P

0 MeVe

> 2GeVie

> 9. (case LL) > 4. (DD)
> .25

= 500 MeV/e

= 5000 MeV/e

Y

...with either... IsBasic & HasTrack = True
..and... Track : Y*/nDof < 40

O, Is.KsO0 = True
..and BPVVDCHI2 = 1000

Quantity Description
#PV Number of Primary Vertices in the beam collision (Pile-up)
#long tracks Number of tracks reconstructed in the whole tracking system
HLT2IncPhi Trigger line reconstructing vertices that can originate from a ¢ meson
HLT2Topo(2||3||4)Body Trigger line on multi-body topology (based on BDT classifier)
Ypr Sum of daughters transverse momentum
Vertex : x?/nDof Control the quality of the vertex
BPVDIRA Angle between particle momentum and topological direction

BPVIPCHI2||MinIP?
Track : x?/nDof
DOCA
BPVCDCHI2
CL photon

IsBasic

x?2 of the impact parameter with primary vertex (see Fig.
Control the quality of the reconstructed track
Distance of closest approach with primary vertex
x? while determining distance between PV and decaying vertex
Confidence level for the particle to be a photon

return True if the particle doesn’t have children
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MVA1

Variable name

Description

Log_DOPT D' transverse momentum

Log DDIRA Alignment between D" flight direction (from B* and D" vertices position) and reconstructed momentum
Log_DOFDChi2 Statistical significance of the distance between D’ vertex and PV

Log_DOmaxDOCA Maximum distance of the closest approach to the PV for all possible pairs of daughters
Log_Delta_KsD_ZERR Distance between D” and K’ vertices along the beam axis

Log KsD_DIRA Alignment between K’ flight direction and reconstructed momentum

DdaughtMinsIP Minimal Impact parameter of D° daughters

Log_KsLTSignif Statistical significance of K° life-time

Log_KS_BPVIPCHI2MinDaught

Minimal Impact parameter of K’ daughters

Log ET_gam_Moy

Mean transverse energy of photons from m°

IdgamE et IDgamH Probability for both photons not to be electrons (resp, hadrons)
DProbChi2Vtx D’ vertex quality
DDaughtMinPT Minimal transverse momentum of charged pions in D° decay

v A

Ny
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e First MVA on D decay geometrical and topological parameters using a MLP method
o Signal = Simulated phase-space signal with BKGCAT € {0, 10} + meson masses conditions
o Background = Data events in m(B*) upper side-band and neutral mesons side-bands

e / independent categories : Runi/2 with KsLL/KsDD samples

Input variable: log_DOPT input variable: log_DDIRA input variable: log_DOFDChi2
T r r Emmma

T 7 T T ] — T
2 15 & 3 E 1 & 10 E
S 1 1. e 7 g e EF 1% q. o ”
= ] é Z o2 é z E § = § 3 é z é
3 o8l Ty 2 % s 2 g 1< 4 2 e
= 7 15 Z o2 1% sz E S I= 45 = =
ey e | i i i = :
b -] % E s 48 E 2
o4l 1% o1 7% pr 4z 1% P b
i 7 H i EH 3 H
o2 5 0.05 Z %/ s 3 E 5 :5 5
o ik 18 2 S //Ir.- =B K 35 tH PP EH; g
%0 5 -10 5 0 4 6 8 10 12 14 16 10 15
log_DDIRA log_DOFDChi2 Ddaughtins!? log KSLTSignil log_KS_BPVIPCHI2MinDaught

Input variable: log_DOmaxDOCA nput variable: log_Delta_KsD_ZERR Input variable: log_KsD_DIRA n| Input vai Input variable: IDgamH
P LIMAAAI MMM LAMA) LAAAS MAAAN MAAAL AARAS ML RAS: = T T T T T 1 7 T T T T = LBas- 45
8 os = 12k 1 R o2 g g E g . §
o 15 o q o ] o . 2 | ) ab
b ] 9 - 3 ] o o
> 1 4 ! > 025 3 E
z 12 £ os 12 Z  oz2fF 4= z 4 z - EES z o
- - P < ay = 14 2 h o 3 e ] - 2
by 1 i = i - e
i@ 06 . Bl 015 F H < 3% Hs 15E
je < o 1e o A
0.2 S ]= | 4 15 Hs .
1& 0.4 1z 0.1 U A = E = i
o ie :E s U E' _:"g 2 I/
- E § 0.2 1% 0.08 b /// £ =N AH 5 05 E)
] ] L 1s 7 o i
o ids 0 g 0, (AR ////Ah r.E g 7 o d5 e o
BT E : :
log_DOmMaxDOCA log KsD_DIRA log_ET_gam_Moy
Input variable: DProbChi2Vix Input variable: DdaughtMinPT
@ 12 T T T T @ 2 T T T T T iE
s 5 = 18f E
s 1op é 2 1sH 3 §
4 3 E
z 4 S S 14 3
° 8H ] - £ 1d
= i S Z 12f EEs
z i b = Y 7.
S ef § 7 =H
o : o¢ EE
H @ 0.6 HEN 4a
2l ? o4 B 1
'(”.’f — 5 0.2 B L, = g
o A e AR e Al 5 o B e i3
(] 0.2 0.4 06 08 1 1 2 3 4 5 € 7 36
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e First MVA on D decay geometrical and topological parameters using a MLP method
o Signal = Simulated phase-space signal with BKGCAT € {0, 10} + meson masses conditions
o Background = Data events in m(B*) upper side-band and neutral mesons side-bands

e / independent categories : Runi/2 with KsLL/KsDD samples
e Tested 5 methods : Fisher, MLP, BDT, BDTD, BDTG -> retained MLP

s =
0 [——
?_’ 0.95 E 'é ISiglnai (lést Eanl'lplé) " TTTa Slignlal ('trainir;g éarﬁplé) e :
o™ = 3 Background (test sample) | | = Background (training sample)
= F T T 2 [ Kolmogorov-Smirnov test: signal (background) probability = 0.629 (0.238)
g 0.9 —_,092 E Z 30 - I
O~ - 3 T F 5
I [ osf } 25— EM
[%] r F > . e £ =
5 0.85 gy [ MVAMII 2 o3 Run2 KsDD EE
- R — DN r 1g
[ 086 /i1 X E i
08— | \\ 15— B
O o084l BDTD ; ] E 1s
L - N 4 C |1 : = E % e
0.75 E 98 = BDIG 5 \\\j 10F 1z Category Selection Signal efficiency (%) | Background rejection (%)
’ C F —  Fisher ] C e
L oo ; : lk =z s : 5 - Bi— 2
] RN _ : M “Runiop [ MLP > 0.938 97.0 1.7
(7). 77 TN AT ST ASTTITINN MO SO NI o el s P A J 4 i | m&" 05
0.7 0.75 0.8 0.85 0.9 0.95 1 =% 0.2 0.4 0.6 08 1 Runl LL | MLP > 0.319 98.0 97.7
Signal efficiency MLP response Run2 DD | MLP > 0.885 97.0 90.5
i — —— T
s F T T Run2 LL | MLP > 0.301 98.0 97.5
_?_). 0.95 \\ % S'igﬁall(lést'sah!ﬁlej " [T biénél ({rainill-lg lsa#n;lalei e :
o™ ) = 25 [{/] Background (test sample) | | * Background (training sample)_|
'g ! : ‘: 2 [ Kolmogorov-Smirnov test: signal (background) probability = 0.124 (0.517)
g 0.9 g § a % N |
5 o S ] \\ = 20 '
5 L r ] C ]
[3) 096 1 L i §
8085 MVATreshad: \\ ] o Run2 KsLL s
C 2=8 BD' L 1e
o \ | : : 15
0.8 oo . BDT -] . 10 j s
o ——— M \ 1 \\ r 1g
YY) SR S \ L 1=
075 | BDID \ . b5
L ossl AL L PN DY r % N3
o oom 0.95 0.96 0.97 0.98 0.99 r 12 37
0.7 btk b bt s 0 boetealecnsacl s
0.7 0.75 0.8 0.85 0.9 0.95 1 -0.2 0 0.2 0.4 0.6 0.8 1
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e m(K)selection by optimisation of \/% in left and right sides of the peak on DATA

Candidates

100

80—

60

40

20

x] 0 |

BN I T
| = 497.812 +/- 0.004

o= 8.65 +/-0.05

| 6, = 4.90 +/-0.02

N = 1433157 +/- 21053
~ N, = 1738840 +/- 22646

L Npyg = 217292 +/- 2230

c0 = 99138 +/- 339

c1=-133.0 +/-2

3
S
S

m(Kg) [MeV/c?]

Candidates

100

80

60

40

20

(v )
x10
T T T
| = 497.751 +/ 0.003

6= 5.74 +/- 0.03

- G, = 2.70 +/- 0.01

—N = 725829 +/- 7724

| N, = 999040 +/- 8253

~ Npyg = 469658 +/- 1214

- c0 = 86524 +/- 1792

| c1=-114.5 +/- 2

..,......l..,......‘.‘:..'-'-‘u.-""‘u.., 5
500
m(K}) [MeV/c]
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e m(n") selection by optimisation of $/v/S + B in left and right sides of the peak on DATA
Combinatorial Background modelled with a technique where signal PDF is driven by MC

Exemple with Run 2 KsDD (Similar in other categories) :

3 3

X1 0 X1 0 I I I 1 T 1 1 I
I I I 1 1 1 I 1 — N — I ] | -
‘o 70F | ' 3 o F -
S _  [---. Crystal-Ball i : i 00— W= LasmsGin ----Crystal-Ball T j —
© [ |- CrystralBali2 - Q [ o, =-0.6325+-0.009 oo Crystral-Ball 24+ 4
= 60 |---- Background — = - RT T ; — Total .
~ | = Total I 3 —
— ® = 29 = 134.98 +-0.02 .
o 50— T = © | o=892+-002 ] ]
Q B R — Q 20 __ . - __
- — . [ N= 550964 +/- 10017 ]
8 401 w= 137.09 +/- 0.06 = 8 N MC n
Q@ UL - Q - N,= 223516 +- 10002 -
© = c= 9.8+/-0.1 - © 15 —
S ank ] B '°[ n=244+-03 .
= 30— Ny, = 2656644 +/7450 ] = [ -
2 F . S [ ome= 132432 ]
B c0 = 0.24 +/- 0.04 o 10~ . ]
S 201 = s fS e i
= e nSigTot = 656163 +/- 7326 O r .
10— DATA _________________ -] 5 — —

OI_.I.I_I.LIJ.! ----- |“=""1--.---| 1 1 | 1 .: ..... ["qeue ke 0 ++ 1 [ 5 ey

120 140 160 120 140 160

m(n°) [MeV/c?] m(r°) (MeV/c?)
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S
O . . . . . . . .
o n@D )selection by optimisation of N right side on DATA (arbitrary cut at 2.5¢ for left

side, with test on tighter cuts)

Sum over the 4 categories :

3 3
No 40 >_i-|l 0 T I T T T T [ T T T T T T I No >_<|1 0 T T T T T T | T T T T T T T T | T T ]
- — [ ]

S __[ u= 18656+-00001 al S [ .= 1.86473 +/-0.00002 1
@© 35 5= 0.0153 +- 0.0002 DD+LL = Q4 00 - === Crystal-Ball 1 -
E — N = 94000 +/- 4207 ] E = c = 0.01323 +/- 0.00002 y —
m 30 __ N2 = 57384 +/- 3534 f m B N = 703532 +/- 6346 U CryStaI-Ba" 2 7]
i [~ Ngy, = 2785877 +/- 3115 i 3 © 80 B — Total _
lee) 95 ooe 2610 4138 I L e o N, = 614130 +/- 6339 Il

L = 2 . b
8 T cl= 1732426 1 8_ ~ al= 1.035+/-0.006 i
20 c2= 121+-18 ---- Crystal-Ball 1 = o i
@ 0 o CrystalBani2 | ? 60—  ar--0.6293 +- 0.006 DD+LL g
= 15 = ---- Background ] = " nl= 13.2+/-0.4 3
s °F — Totdl J © B g
= - 1 T 40 — nr= 1244+-05 7
c 10— = 2 [ .
® F DATA : c I 1
O:L o | ! Crpsiaaas I-...h-:"." | | ':l:"'."--u-s-*--' 0_ = L = i

1.7 1.8 1.9 1.7 1.8 1.9 2

m(D°% [GeV/c?] m(D° (GeV/c?)



MVA2

Variable name Description
cosThetaHely Helicity angle between B* and D’ in B* rest-frame
CosD_bachT_xy Angle between D° and bachelor track in transverse plan
BDIRA Alignment between B* flight direction and reconstructed momentum
The MLP D Output ofthe first MVA
log DiffZ_DvsB_Err Distance between B* and D° vertices along the beam axis
log B_IPchi2 x° of the B*impact parameter
BProbChi2Vix B* vertex quality
BFDChi2 Statistical significance of the distance between PV and B* vertex
bachPT Transverse momentum of the bachelor track
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e Second MVA on B decay geometrical and topological parameters using a MLP method
o Signal = Simulated phase-space signal with BKGCAT € {0, 10} + m(B*) within 50 MeV around PDG
value
o Background = Data events in m(B*) upper side-band

e Cut position chosen to maximize the statistical significance

X 25 fRlT T T T T T TS
_____ TP 4 . . i) Signal (test sample) ® Signal (training sample) -]
9 S ® o : ~ o
9 é 35 8 -4 :@ Background (test sample) ® Background (training sample)
?: ° 3F : 2 20 [ Kolmogorov-Smirnov test: signal (background) probability = 0.255 ( 0.07)
z z o < L
bl S as5f z -
: e : I
H 15 15 |—
H 'd B
] 05 f B
3 0 10 —
cosThetaHety || CosD_bachT_xy [] BOIRA [] -
sk
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§ 160 ) e 1B I = 8 3 .
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Z 120 Gl 1 © 0 Lo A shg
= TE e 13 ? 94 0 0.2 0.4 0.6 0.8 1
S g 08 : § = MLP response
60F = (& 45 2 f
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The MLP_D (] log_DiZ_ D8 _Ert (] g 8. 1Pch2 [] Category Selection Signal efficiency (%) | Background efficiency (%)
Runl DD | MLP > 0.985 6.1 3.0
= T T T 52 T R B s 2 0.45 ETT T
- e ., RunlLL | MLP > 0.948 89.0 7.7
= i3 : a
£ 2 2 o £ Run2DD | MLP > 0.940 90.2 6.3
z E g = omp :
: 2 £ Run2LL | MLP > 0.927 90.8 6.1
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— Signal pions o -
10° K — — Bkgd kaons 10° T —> K Signal kaons |/
- - — Bkgd pions
10° = MC 10 3 MC
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10° = 102
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-100 -80 -60 -40 -20 0 20 40 60 80 100 -100 -80 -60 -40 -20 0 20 40 60 80 100
ALL(K) ALL(K)

e To limit misidentification of the bachelor track, we discriminate using a PID Likelihood Difference
e ~70.7% signal efficiency / ~2.6% misidentification efficiency for B — DK™
e For MC, ALL(K) variable corrected with PIDcorr tool
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Input variable: DOmassDTF

{1/N) dN/ 0.00146
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Input variable: PT_PIO_Triv
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Input variable: D_PT_DTF
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Correlation Matrix (background)

D_PT_DTF

The_MLP_D

The_MLP

PT_PIO_Triv

M_PIO_Triv

DOmassDTF

BmassDTF

Linear correlation coefficients in %

The_MLP_D

The_MLP

PT_PIO_Triv

M_PIO_Triv

DOmassDTF

BmassDTF

Correlation Matrix (signal)

Linear correlation coefficients in %

100
80
160

-100
8 D M e Ty 7 0
5507 Omass DT;P/o\ Ty EP,,,\ r,,-:e\MLp "t EPT“ or

< Signal (trainihg sample) | ]

# Background (training sample)_:

d) probability = 0.058 (0.252)

IIII|IIII|IIII|IIII|I[II|IIII|II

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

TMVA overtraining check for classifier: MLP
3 [0 sidnal qeltsampie) | |
= H /] Background (test sample)
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51
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-
o
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MLP response

e Multiple candidates (~6%) are filtered, choosing the best candidate thanks to a MVA trained on MC,
discriminating BKGCAT=0 and BKGCAT>0 (Variables uncorrelated to B mass)
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Figure 8.41: Distributions of mprp(B¥*) for
the lowest (black) and highest (red) BKGCAT for
simulated events with multiplicity.
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Figure 8.42: Distributions of mDTF(Bi) for
simulated events with multiplicity. Best candi-
dates are selected by the MVA method (black)
or randomly (red).
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A complete study of physical background has been processed, using full simulation of >20 modes

Here is a list of studied backgrounds. Non-negligeable ones are surrounded for B* — D’z~land B — DK~

B* — D*— D(— K m)rr® B* - D*[— DY(— K ann®)n|n* B — D*%|— D(— K rrn®)nE]nT
B* — D*[— D(— Kyrm)y]r* B* = D¥— DY(— Krnl)y|n® B" - D*¥[— D"(— Kann')r5| KT
B* — D*[— D'(— Kam)m | K* B* — D*[— DY(— Knn®)n'|K* B —» D'(— Korn))K¥r*
B* — D[ D'(— K,y K* B* — D*[— D(—= Kyrrm')y|K* N . .

B* = D' D Kamn)wp(+ #7) eighiedwith Laurass toaccount

B* —» D*[— D%(— K rm)n|pt(— ntaY)

Bt D*O[ R DO( K mmo)ﬂ ( _ 7TiWO) for resonances (LHCb amplitude
+ «0 0 L 0 ’ model LHCb-PAPER-2014-036)
BE = Do DA Krmnp™(o 750) - e pas pO(os Ky nd K (o KE) A\
B* — D(— Km)pt(— nEn?) B* — D*[—= D(— Kann')y|K**(— K*n') \&%'(0““
aC
B* — DY(— Km)K**(— K*n°) B* - D'(— Karr')p=(— n*7°) \g\‘\%

B* — D'(— Kanrn®) K*%(— K*r') ﬂOQ
e Additional study has been made in K{and D"sidebands, limiting impact of K -less and charm-less
backgrounds to less than 0.66% and 0.15% on the signal respectively at 90% CL.

e Background components are included in global mass fit through parametric PDFs “RooKeyPDF”
objects (after a smearing to adapt MC to DATA signal width)
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Charmless background has been studied :

— Tested on B — D7 sample
— In D° side-band ( mprr(D’) < 1.8GeV/c?)
— With Z,,.(B) — Z,1.(D) < 30
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m(B?) [GeV/c?]



> Only for K'LL(D"and K! vertexes are mingled -> K candidate vertex in VELO )
> Measured in K sidebands ( m(K}) ¢ [480,515]MeV/c* ) with Zuw(K?) — Zuwe(D°) < 30

Candidates per 20 MeV/c?
S &8 & 8

-t
o

1 T T T | | L
~ [-=--Signal =
- |---- Background u= 5.264 +/- 0.006 n
[ | = Total , ]
L= 5.07 +/-0.02

: ' BKG :
- \ o= 0.039+-0.007 -
L | o]
B et e Opye = 0-129 +/-0.006 ]
[ ' It M = Nggg = 586 +/- 42 i
Iy { % [ nSigD= 186+-37] A
B A taily, ; =-0.299 +/-0.06
I + =
— " a . ‘... ~ - : :
+_ o Jauag===7" | | 1 It et R s 3 7

.8 5 5.2 54 5.6

m(B_ ) (GeV/c?)

-> A portion of this peak (~4 evts) is residual signal
(estimated from MC signal)

> Counting for this, there still is a significant Ks-less
background

> Renormalising with the side-band width and to the
total data sample (including K g DD), thisleads to a
proportion of signal of :

0.52 4+ 0.11 %

-> Small enough not to be considered ->




-> MC produced in Square-Dalitz + weighted with Laura++ for resonances

2

©
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N
8
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Candidates per 10 MeV/c

Dec ID : 13166541

n= 5.193 +/- 0.001
u,= 5.065 +/- 0.002
o = 0.0303 +/- 0.0009
6, = 0.078 +/- 0.002
Nyignaiz = 9685 +/- 181

Nqgoa = 3716 +/-163
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U'I°

53 I
m(B* — D°K?) [GeV/c?]

weight

1 2 3 4 5 6

- Not a peaking background m(Kr) [GeV/c?

- Has to be considered in the partially reconstructed
backgrounds

- For nominal fit, yield will be fixed compare to signal
yield. The ratio between both has been calculated taking
into account efficiency ratio and BF ratio.

- Fixed yield to 4.82+-0.9% of signal yield
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 Signal : double-sided Crystal-Ball function
« Left tail fixed from MC
- Right tail, mean, width are free

= === Signal Pions Neoms
= === CrossFeed Kaons
= = Combinatorial Bkg

= = BtoDstarOPi_DOPi0
BtoDstarPi_DOPi
BtoDOrho
= === Sum Physical Bkg

Nsigna

« Combinatorial : free Chebychev polynomial of
order 2

Illlllllllllll

Candidates per 10 MeV/c?

« Cross-Feed : Shape from MC (RooKeyPdf)
« Yield constrained from B — DK signal yield
(see next slide)

84.8 %

« Partially-reconstructed backgrounds : Shape et
from parametric PDFs (“RooKeyPDFs”) to MC u

= 32843 +/- 359
N ooe reeg = 807 +/-33

= = BtoDstarOPi_DOgamma Ny g =

= 32242 +/- 220

#Signal : 322424220

Purity in a 2¢ interval :

I T

37689 +/- 305
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« Most of individual components yields
constrained one to the other from relative

BRs and selection efficiencies

-> Validated with toy simulation studies !

Reminder : 9981%+134 events at Belle

— Statistics x3 | ~ m(B* - D’ [GeVic’)
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and MC efficiencies

Nggoy = 1974 +/- 63

g
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x2ndof = 1.039566

e Combinatorial : free Chebychev polynomial of
order 2 100

nnnnnnn

N 1 I I 1 I I I I
(&) — =
. : : > 500 —]
e Signal : double-sided Crystal-Ball function 2 B * 5 DK e .
- Parameters fixed to B — D fit ones e r |\ | e somm :
3™ B .
e Cross-feed: > I s -
. . Q — 2D0Kpi_HypK —
« Shape from B — D= data sample with misID £ T -
mass hypothesis 2 % e R e
« Yield constrained from B — Dmsignal yield § N = 599141127 i

-
........
)

 Partially-reconstructed background :
« Shapes from parametric PDFs on MC
 Relative yields constrained from BRs and
efficiencies

-> Validated with toy simulation studies !
#Signal : 1974163
Reminder : 815+51 events at Belle e .,
— Statistics x2.5 Purity in a 2¢ interval :5 5.2 5.4
61.3%

56
m(B* — D°K*) [GeV/c?]
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Run simultaneous unbinned minos CP-fit on DATA (36 categories):
e All shapes fixed by global fits (signal, physical and combinatorial backgrounds, cross-feed)
e Sum of the yields (integrated over bins) constrained to the yields in the global fits
e For fit stability, CP-observables x?™ and y{™ are fixed for B — D= channel, according to LHCb

combination (-> systematic uncertainty)

e Consider two separate values for r2%~ = \/(2PF)2 + (yPE)2 and r3 " = /(2PF)2 + (yPK)?
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Cross-check : measure the yields in each bin in DATA through individual fits per bins
- Shapes are taken from global fit
- Free signal yields

x10° x10°
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Toy study on 2000 pseudo-experiments to test the extraction of CP-observables x , y. from simultaneous fit
to the 36 categories -
- Pseudo-experiments signal yields generated from the formalism with inputs from LHCb
combination CONF-2022-003-001.
F.fractions from first estimation on B — D= data sample
Combinatorial yields according to estimation in B — D= data sample
Partially reconstructed BKG yields to follow F, fractions.
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¢ c,/s, inputs -> Measured with 2000 pseudo-experiments : <20% of statistical uncertainty onx, andy,
Should be the main systematic

K/
L X4

c,/s; from CLEO-c are efficiency corrected - > we have effective c,/s. due to efficiency variation across
phase-space ! -> To be computed

> Instandard GGSZ : measured using amplitude model -> very small uncertainty

> Can use first amplitude model version from Tomaso Pajero (CERN fellow) with B — D*(2010)"u~X

Dr

¢ B — Dr physicsinput (5", d57, Y ) -> << statistical uncertainty (~1%)

K/
L X4

Uncertainty on first bin redefinition (detector resolution) - > To be computed

K/
L X4

Uncertainty on bias correction (see Pull study)

% CPV and matter regeneration for i meson system -> negligible in similar studies with low statistics

% Mass-shape parameterisation for signal and backgrounds
-> Measured at first level using a bootstrapping procedure -> a few % of stat. unc.

- Impact from the shape variation between bins to be studied
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« Generate 2000 toys in signal only (10000 events B->DK / 164000 events B->D7t per toy), with physics

parameters set to the LHCb combination while varying c./s. input (Correlation taken into account with
Cholesky method)

70

60}
50-
40f
30F
20¢
10}

- Toys fitted with the nominal simultaneous fit (fixed CLEO-c ¢ /s,)

« Smaller uncertainty than the one estimated by BELLE analysis

Parameter
xXm
Xp
ym
yp

Mean
0.0436745
-0.0953942
0.0880574
-0.0199105

X2/ ndf

T T

Constant
Mean

Sigma

89.36/73
Prob 0.09363
63.65 +1.82
0.04367 +0.00019
0.008302 + 0.000149

10 20 30

40 50 60 70

3x10°

Remainder Stat :

Ty

DK _ 10.063
r=" = XX 5066
DK __ 40.125
y_o =X X—0.148
DK __ 40.084
= XX 79092

DK __ +0.225
Y4+ = XX—0.178

Correlation matrix :

Mean error Sigma Sigma Error

0.000194079 0.00830159 0.000148708 : -0.489463 -0.146204 -0.285719

0.000227879 0.00984546 0.000174369 -0.489463 - 0.0627223 0.334292

0.000795734 0.0343804 0.00060065 -0.146204 0.0627223 1 -0.178205

0.000491541 0.0210182 0.000396295 -0.285719 0.334292 -0.178205 1

< Statistics

¥2/ ndf 83.1/70 x2 / ndf 68.85/ 71 ¥2/ ndf 84.5/73

Prob 0.1356 Prob 0.5503 Prob 0.1684

8O T I Constant 66.21 + 1.90 il " T Constant 66.27 + 1.88 goFL T TTTTTTTTTTTTTT T Constant 61.28 +1.79

F Mean -0.09539 £0.00023 | -0 = Mean 0.08806 =+ 0.00080 F Mean -0.01991 + 0.00049

70 E Sigma  0.009845 + 0.000174 = Sigma  0.03438 + 0.00060 70 - Sigma 0.02102 = 0.00040
60F 4  eo¢ E 60 =
50F N 501 e 50F =
a0t 4 40f 40/~ :
30F = 30/ 301 -
20F 4 20p 20~ i
10} E TS . 105 E
- : o L L L . B L C ) L L ‘ o_l L T v b by by Ly P
05533012 011 -0.4 -0.09-0.08 -0.07 -0.06 Y050 005 01 015 02 -0.1 -0.08 -0.06-0.04-0.02 0 0.02 0.04 0.06

Xp

yp
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- Generate 2000 toys in signal only (10000 events B->DK / 164000 events B->D7 per toy), with physics
parameters set to the LHCb combination while varying D7t physics input (Correlation taken into account
with Cholesky method)

 Toys fitted with the nominal simultaneous fit (fixed D7 physics inputs)

Correlation matrix :

Parameter Mean Mean error Sigma Sigma Error
Xm 0.0431416 1.19166e-05 0.000507137 9.16551e-06 1  -0.0205235 -0.533831 0.629314
Xp -0.0957948 1.45436e-05 0.000622265 1.17844e-05 -0.0205235 1 -0.818923 0.529908
ym 0.0858445 1.71341e-05 0.000739769 1.35529e-05 -0.533831 -0.818923 1 -0.784929
yp -0.0196209 2.84873e-05 0.00117878 2.17046e-05 0.629314 0.529968:  -0.784329 1

<< Statistics

x2 / ndf 79.01/71

%2/ ndf 81.33/65 ¥2/ ndf 72.22/73 X2/ ndf 59.24 /75 Prob 0.2407

- 0.0851 N 0.5039 Prob 0.909 AL R Constant 60.21+1.73

SO T T T T IIITTIIIT] ant 7448 £ 544 F Constant 66.93 +1.97 Frrrrrr T T T T T constant 5094 +1.72 r Mean -0.01962 + 0.00003

F Mean 0.04314 +0.00001 80 = Mean -0.09579 +0.00001 70 Mean 0.08584 = 0.00002 60 Sigma  0.001179 + 0.000022
70 = Sigma 0.0005071 + 0.0000092 F Sigma 0.0006223 + 0.0000118 r Sigma 0.0007398 + 0.0000136 F A

g : e 60 50| =
60— = E F C ]

F 60 501 s 1
s0p ERE kb o E
s E a0- : 301 E
301 = 30 301 2 - ]
200 E 20 200 g 5
100 : 10F 101 10E E

of TN 3x10° ot ob—iet 0 e X107 (b_ B T P 2x10°
40.5 41 41.5 42 425 43 43.5 44 44.5 45 84 85 86 87 88 25 -24 -23 -22 -21 -20 -19 -18 -17 -16
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Envies 1000
2/ ndt “819/70
Prod 0sm2
Constant 27TW 1M
Mean 0.1371 = 0.0002

Sigma 0.00471 + 0.

000 34

bbb bl

155

000 0
2t 8447 /62 22 nat 829280
45 g T T T Q05 40 0.3395
E 3255+ 142 [ 281+ 1.6
40F Mean 0.4766 +0.0001 35 Maan 0.1695 +0.0002
E 0.001651 + 0000050 Sigma _ 0.005031 + 0000134
35
3 30)
e 25
25F
E 20|
20
15F 12
10F 10
E . 5
JE % qll,
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Figure 12.7: Distribution of the CP observables fitted for the bootstrap procedure repeated 1000

times.

X,

-

Uncertainty (x1072%)

xDK  yDK - DK yPK
o 0.09 0.47 0.17 0.50
Correlations

xDK yDK DK yPK
PE 1 1.000 0488 0.037 -0.610
yi)"‘ 1.000 -0.369 -0.754
.I‘EK 1.000 -0.115
G 1.000

Table 12.7: Systematic uncertainties due to the mass-shape parameterisation and corresponding

correlation matrix.




e sPlot method (statistical subtraction) to project signal from global fit into two or three bodies
mass resonances

. . *— 0=\ 4+ + )
e Use D° — KJw as normalisation channel B(D® — K" p*) _N(E" (= Kgm)p" (= 7n'77))
§ [T — N(KJw(— mtm—n0))
> - -]
00U~ s T Resonance ® ] > B(DO — ng<_> Kgﬂ'+ﬂ'_ﬂ'0))
2 T e W e Resonance 1 ]
%soo:— B | Resonance ¢ —: > 1
s F oL Background e(cut on m(K{n*) and m(rFr0))
.§1000_— N, = 5266 +/- 81 —_ 1
o [ M= 457 4248 ] . .
[ s e i i & Quick & Dirty 4 *— 0. — 0 0
50— ‘A..m-om./.uj L‘)’M/ﬁ #{kﬂ ] + Stat Only B(K — K T ) X B(K — KS)
ofd! ] 0 ; *— 4+ — 4+ (7
— 6(;0 — 8(|JO — 10|00 — 12|00 — 14|00 B (-D K p ) h— (7043 — O .48) O
B* : m(nnn®) [MeV/c?]
o S L e 7 %, 1000 T T T T T T L | T T T T I I —
> [ o= 800 +-3 : . 2 T . i % i
= 700 :—&“f:— 38ar 06 + ] 2 [ 9= 8004:3 : i ~— 007
g ggk;l:s-tza:ghot;i 5800 +/- 155 ===Signal ] B gopl_ ' 2083408 - ]
o 600 [__NSigKstarRho = 12205 +/- 165 H — . i 31-32"’/ 0662 ik --- Signal ]
£ [ Sonebugies oaooe s oooor 1§ | nokgketerhho- se00. 155 N RT— i MARK Il @1992 : (6.2+2.3+2.0) %
2 - ¥?ndof = 1.062782 B 2 | nsigKstarRho = 12205 +/- 165 : |
s - - c | slope BKG p =-0.000835 +/- 0.00002 .-' H _ |
o C 1 8 600_ slope Bkg K* = 0.0009 +/- 0.0007 y i
C ] ?/ndof = 1.062782 .
e E - 1 It impresses me very much to measure a
sool-— 4 *r 7 hadronic D decay BF @7% 44 years after
2o < i 1 that the D meson was discovered at SLAC
- — 1 T 7 in MARK | by G. Goldhaber and F. Pierre.
F ...... & R St
ot 6(|)0 — 7(1)0 I 8(|10 — 9(IJO — = o= ""‘r‘“-BOO ) I I I :900 —

1000
m(n°n%) [MeV/c?] m(K:n‘) [MeV/c?] 62



B(D° - K* p*) = (7.43 & 0.48) %

Troubles with Non-leptonic Charm Decays (H. Lipkin 1980, i.e colours suppressed/favoured D decays)

-
T, pt
W ——
. < s

DO K G)—
> b
>
K ()0
DO wt il
7, p’

B(D° —» Kox°) 1 19.5 %
_— — = . 0
B(D° - K=7") pippin 8 =9 (3 colors)
B(D° — Koz
( ™) = (56 £ 1) %
B(D° - K—7")ppc
B(D" — K*p")ppc  _ (20 + 2) %

B(DO — K*_p+)this meas.

The D — K*p systems seems to have less final state
interactions, as expected due to the larger masses
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