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Motivation %

CP Violation (CPV) searches can provide stringent tests of the Standard
Model (SM)

B — hh' (h, W € {m, K}) decays particularly interesting:

2
@ Sensitive to New Physics (NP) [4] (Penguins!) ‘Y

@ Theoretical predictions challenging due to non-perturbative QCD
contributions

@ Tensions in the global fit to these decays [3]

e CPV in some decays has never been measured before: BY — 77~

Theoreticians recommended measuring CPV in B — hh' decays |
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B s htH— Status %

@ B — h*H~ decays studied in Run1 and in Run2 (2015/16) [1]
Most precise CPV measurement for
B - Ktn=,B® —» ntn=,BY — ntK~

@ Now time to look at rarer BY — 77~ channel

Channel Branching Fraction | CPV (decay) [%] | CPV (interference) [%)]

BY — nfn~ | (5.374£0.20)-10°° | —32.0 +3.8 —67.2+3.4
BY — KTn~ | (2.004+0.04)-107> | — 8.314+0.34 NA
BY - ntmn~ | (7.2 £1.0 )-1077 | THIS WORK THIS WORK
BY - ntK~— | (5.9 +£0.7 )-107% | 4225 +1.2 NA

THIS WORK
Analysis of entire LHCb Run 2 p-p sample (2015—2018)
Vs =13TeV, 6fb~! integrated luminosity
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CPV QObservables %

Measurement of both time-dependent and time-integrated CPV
@ Time-dependent asymmetry described by:
—Ccos(Amt)+ Ssin(Amt)
At) = AT (AT
cosh(5- t) + AAT sinh(5- t)
(C describes CPV in the decay, S CPV in mixing-decay interference,

depending on the decay Al and Am are for the B%/B?)
C, S, AT free in the fit, check consistency with

C?+ 52+ (AR =1

@ Time-integrated (direct) asymmetry is descried by
M7 — T
M r e

. Ng z—N
direct Z B—f B—f
ACI[geC — Araw - Aexp Araw — _l—
f

Agf =
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Analysis Strategy | %

Fit accounts for the following components:

e Signal candidates: B — h™h'~ decays reconstructed in the correct
h™h~ hypothesis

e Cross-feed background: B — h™h'~ decays where either h or A is
misidentified (double misidentification is neglected — unlikely)
Problematic: they peak close to signals and bias CPV observables

e Combinatorial background: h™h~ from different decays and
randomly associated
Most prominent source of background before event selection, tackled
with MVA (BDT selection)

e 3-bodies background: B — h™h'~ X where X is not
detected /reconstructed
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Analysis Strategy |l %

Simultaneous fit to the 7t7—, 7t KT final states

@ signals in one spectrum become cross-feed in other spectra
— allow for better cross-feed control

e Flavour-Specific (FS) decays help calibrate experimental effects on
the fly

Fit model: same as the one validated

Observables: ; ) i
in the previous B — h*h™ analysis[1]

@ Invariant mass
Two selections were developed:
o BO —» g~
(also get CPV observables for
o Flavour-tagging mistag BY, — K*rT)

probability o B%S)_> -
S

@ Decay time

o Flavour-tagging response

MC (WIFAI 2025) PVin B, - ntx— /B — KExT 2025/11/12 7/24



Selection

TRES
Event selection performed in order to tackle

e Cross-feed background: use of Particle IDentification (PID) variables,
information mostly coming from the LHCb RICH
@ Combinatorial background: training of 3-fold split BDT
e optimisation of expected signal significance wrt combinatorial bkg
e one BDT for each of the 2 selections
o (BY — w7~ only)
Big uncertainty on B(B? — 7t 7~) may affect optimal BDT cut
— toy studies were performed confirming BDT requirements

TMVA overtraining check for classifier: BDT

FIER slgnat (test shmpiey

s

::‘/// Background (test sample)

< sinal (trainirlg sample) |
* Background (training sample)

©w
o
T

(1/N) dN/dx

W
T

=4 - »
o @ = & m @
LLANLARRY LLARLRRN ALY

probability = 0.611 (0.393)

WO-flow (S,B): (0.0, 0.0)%/ (0.0, 0.0%

SINS+B

&=
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106

S

50

0.4 0.6 -05 0.5
BDT response BDTye >
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PID Efficiencies %bﬂ

PID efficiencies produced thanks to high statistics/purity samples [6]
o D*t — DO(— K—71)X for 7% /K™,
o AN— ptr~ for p/p

Production of PID-efficiency maps as:

- N5 0, )
k h—h » ' YSPD
ensw (P, nspp) = — . — .
lea—sjﬂ(pl’ nj’ ngPD) + N/Eﬂh'(plv 77!7 nng)

allowing us to find kinematically-averaged PID efficiencies

N

N 1 _ _ _

Epth— = Nz€h+(P,-+ﬂ7,~+)'5h'—(P,' » N );
i=1
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Decay-time Effects %

Time-dependent analysis — susceptible to decay-time effect
@ Resolution o;: causes a damping of the oscillation
Non negligible for the fast BY system oscillation
@ Bias b;: causes an effective mixing of the CPV observables

Decay-time effects measured with J/v¢ — pu™ ™ decays and
transposed to B — h™h'~

Using a single averaged value (instead of a per-event calibration) simplifies
the fitting procedure without impacting too much the results
(effect is less than 1% relative on CPV observables)

oy ~ 41fs, by ~ —3.5fs
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Decay-Time Acceptances %

o Reference B® — K*r~ (high statistics, pure exponential (AI'Bg =0))
@ Ratio between data (for each channel) and MC reference according to

data
€go (1)
Edata(t) _ €MC(t) . _ByoKm
f — cf €MC (t)
Bg—>K7r
1600F- e unofficial = e unofficial
E 110000
1400: Year: 2018, mag: Tot . r Year: 2018, mag: Tot
1200 DATA bdkpi, . state: kpi ' 80007 MC bdpipi, f. state: pipi
| 1000f bdtPIPI>0.2, untagged i E bdtPIPI>0.2, untagged
800H — Decay-time efficiency ; 6000 — Decay-time efficiency
600 " 4000
400
2000
200
oLl 1 . — o) ZATINE IS VRN B, L [
2 4 6 8 10 12 14 2 4 6 8 10 12 14
Decay time [ps] Decay time [ps]

Different acceptances whether the flavour tagging responded or not
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Flavour-Tagging Strategy

Tagging on a per-event basis

S5 pion
@t} Ss proton
S5 kaon (for B?)

o o

‘ ° K 0s kaon
cors

b—e

=23 0s muon

0S electron
0 vertex charge
0S Charm

First calibration with

B® — Dt~ (OS and SS)
and BY — D7~ (SSk)
(EPM [5])

MC (WIFAI 2025)
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OS taggers

e Multiple OS taggers, assumed
to be independent

@ Combined tagger recalibrated on
the fly during final fit with FS
B - Ktn—
SS(k) taggers
(response is t-dependent)
@ Recalibrated on the fly during
final fit with FS decays
o SS,/n: B = Ktr™
e SSk: Bg — 7tK~
Plan to switch to Inclusive Flavour
Tagging [2] (Deepset-based ML)

2025/11/12 12/24



BY — ntn—

BY — 77~ selection (77~ final state)
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BY — ntn—

BY — 77~ selection (KTnT final state)
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BY — gt~ %Cb
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BY — mn~

BY — w7~ selection (7T 7~ final state)
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BS —

BY — 77~ selection (KTnT final state)
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Preliminary Fit Results %

BY — 77~ selection

CPV observable 2015-16 2017 2018
C(BO — trT) -0.310 +0.047 -0.300 4-0.050 -0.3104+0.047
S(BO — 7T+71'7) -0.732£0.043 -0.762 +0.047 -0.7514+0.044

Araw(B® — Kt7~) | -0.0948+0.0034 -0.0945+0.0038 -0.0900 + 0.0035
Araw(BY — mtK™) 0.216+0.013 0.240£0.014 0.224+0.013

BY — 77~ selection

CPV observable 2015-16 2017 2018 Tot

C(BY = ntn) 0.3240.42 0.16+0.42 -0.57+0.46 -0.04+0.25
S(BY — ntr™) -0.15+0.41 0.4340.40 -0.2140.47 -0.04+0.25
—AAT(BY — 7tmn™) | -1.64+0.45 -0.74+0.62 -1.28+£0.55 -1.33£0.31
C(BY = ntn™) -0.298+£0.057  -0.320+0.062  -0.243+0.052  -0.282+0.032
S(B® = nt717) -0.708+£0.050  -0.8254+0.057  -0.705+0.048  -0.736+0.030

Araw(B® — KT7~) | -0.0941+0.0035 -0.0946+0.0038 -0.0918+0.0036 -0.0929 + 0.0021
Aran (B2 — 7t K™) 0.2134+0.014 0.241+0.014 0.223£0.013 0.2243 £ 0.0080

EVERYTHING IS BLINDED
(same blinding for same observable across selections)
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Direct-asymmetry Corrections %

Raw asymmetries of the B(OS) — K7 T decays need correction for
experimental asymmetries before retrieving the CPV observables
Account for:

@ Production asymmetry: extracted from the fit
Aaw from fit are already corrected by production term

@ Detection asymmetry: studying D™ — K~ n"x+ and DT — Kont

AT = AR Al A, M)

raw

AR — ABT L AT AR (2)

@ PID asymmetry:
use PID efficiency maps (integrated over B — h™h'~ kinematics)

AgID(pKa ULe ¢K) — A7FT’ID(:D7T7 N, ¢7‘r)

1- Ang(pK7TIK7 (ZSK)AgID(pﬂ'?T]ﬂW ¢7T),( )
3

Agi”D(pKanKa ¢Ka Prs Ny d)ﬂ') -
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Direct-asymmetry Corrections - Recap %

Year AB® [%] AB (%]

2015-16 -0.00150.0053 -0.006 % 0.019
2017 -0.0049 £0.0057 -0.001 % 0.020
2018  -0.0051+0.0053 -0.020+0.018

Year AR 1%] AR %]

2015 —-0.965+0.314 -12+0.7
2016 —1.052£0.129 0.5+0.3
2017 —0.936 £0.132 0.8+0.4
2018 —0.948 £0.123 0.7+0.3
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Future Plans - Systematic Uncertainties %

Work in progess...
Use same strategy of previous analysis
Plan to consider:

PID efficiencies

External physical inputs
Decay-time resolution average value
Flavour-tagging parametrisation

Decay-time acceptances (acceptance shape, the ability of the MC to
reproduce the acceptance ratio and reference channel statistics)

Fit model

Strategy: generate 100 toys with either

@ alternative models

bootstrapping fit-input values
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Thanks for your attention!

=2.16 MeV/c? =1.273 GeV/c? 172.57 GeV/c?
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J J
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-¥% -%

@ @ |

Ldown Lstrange L bari

et C
X JJ Harrison,
Eudyptula minor, the smallest penguin on Earth
=] = = E == 9HAC
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LHCb Run 2 Detector

ECAL HCAL

SPD/PS
RICH2 M1
T3
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LHCb Run 1-2 Detector %

Ideal setting for b (and c!) physics

Covers 2 <1 < 5 (complements GPD coverage)

20 uym vertex resolution

Ap/p < 1% momentum resolution (p € [5 — 200] GeV/c)
Excellent Particle IDentification (PID) capabilities

] 5PID(K e K) ~195%
) 6p/D(7T = K) < 10%

40 fs decay-time resolution

[JINST 3, 8005 (2008)]
[IJMP A 30 (2015) 1530022]
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Data Sample %

e Data comes from Run2 (2015-16-17-18) p-p collisions at /s=13 TeV

o Integrated luminosity: 6 fb~!
Stripping/HLT2

Trigger requirements requirements

@ LO: LOHadron_TOS OR LOGlobal_TIS

@ HLT1: H1t1TrackMVADecision_T0S Variable  Requirement

. .. Track pr > 1GeV/c

o HLT2: H1t2B2HHDecision_TOS Track x3 > 16
Stripping: StrippingB2HHBDTLine Track x* <3 ,
(same as HLT2, see Table —) ;"ffp, i i“g'g'esz/iV/c
(Stripping (stream): 2015:24r1 (FTag), X%;OCAT <9
2016:28r1 (FTag), 2017:29r2p2 pr(B) > 1.2GeV/c
(BHadronCompleteEvent), 2018:34 D2|R(AB()B) z 8'99
(BHadronCompleteEvent)) i:chD(B) > 100
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B — w7~ Toys %bﬂ
Verify the cut choice is optimal

Fit data at different BDT cuts around optimal selection cut (0.78, 0.8,

0.83, 0.86, 0.89) with CPV in BY — nt7~ fixed to 0

From fitted values generate 70 toys and see distribution of fitted CPV
observables for BY — 77~

— no improvements observed in the other cuts

Histogram of bspipi_C_Tot errors Histogram of bspipi_S_Tot errors
2

fixcazzeacl
e
RS ooiesr

53888888
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Decay-Time Resolution Calibration (I) %

Prompt J/1 — pp~ as calibration sample
From PromptJPsi2MuMuControlLine (see backup)

Low bkg, removed with sPlot technique

Use measured decay time of prompt J/1) to estimate decay-time
resolution (o) as a function of decay-time error (d;)

at(ét) = po + P1(5t - 004) ps

o Calibration parameters from 2D unbinned maximum likelihood to
decay time (t) vs decay-time error (J;)
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Decay-Time Resolution Calibration (II) %

@ Differences between calibration and signal channels are corrected
using MC on a per-event basis

MC
5o k+k—(Oti)
or(0tj) = J?;flt/awﬁ - (0t - MC
nr Ut,J/d)ﬂﬁu‘(ét")

@ Use average decay-time resolution for all events
(introduces a small! systematic)
width &, = 40.7 £ 0.2fs; bias ; = —3.1fs
calculated accounting for dilution (D) of BY oscillation

A0 gy - TP 5, VD)

Di=ewp < 2 N T T Am,

where the sum is done on a pure BS — KTK~ data sample

11% in value in B — K*K~ CPV search
MC (WIFAI 2025) PVin B, - nta— /B — KExT 2025/11/12 7/20



Signal Model %

psig(i) = psig(m) : psig¢(ta gtaga ﬁtag)- (4)
Invariant mass: 2 gaussians + johnson tail
Decay time: depends on the final state (CP vs FS)

pSing(t>QSig7§SIg)) X (1 - @Z)ACP)(l - 77ZJ~/4F)'

: { [(1— Ap)Q%E + (1 + Ap)Q¥8] Hy (t)+ (5)

01— AP — (1 AR (1),

peser (1.2 0°5)) o [[(1 AP (14 Ap)OE] (1)
(6)
© (- Ap)QE — (14 Ap)E] I(t)} ,
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H+(t):{ [exp(—r ) cosh <A2r t’)]@R(t _ t')} (b),

H(t):{[exp(—r t')cos (Amt')]  @R(t— t’)} -e(t),

I(t) = { [exp(—r t')- [cosh (Azr t’> +
+ AR sinh <A2r t')]

I_(t) = { [exp(—l' t') - [Cf cos(Amt')+

@R(t — t’)} -e(t),

—S¢sin(Am t’)]

®R(t — t’)} -e(t),

MC (WIFAI 2025) PVin B, - nta— /B — KExT 2025/11/12
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(12)
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Signal Tagging %

Q8 (t, E1ag, Trag) = Q2L (€05, 7105 -

ﬁsig(t gtagv ﬁtag) = ﬁg% (éOS: 7705)

oo (B €554y 155 ) ) (13)

Q
Qe oy (£ €554y 7155 ) )- (14)

QsTig(gT’ nT) = [557#1 {1 - c«J%ig(UT)} + 557,1ws%ig(77T)] <€S7’;gh§lig(777)+

+6¢, 0kTEU(nT),
(15)
T (erm) = [dera [1 - B rm)] + ey 15 ) | B0
+ 6¢ 0kTEU(nT),
(16)

MC (WIFAI 2025) PVin B, - ntx— /B — KExT 2025/11/12 10/20



Cross-feed Model %

Invariant mass: KDE on simulated samples surviving selection
Decay time: same as signal 4+ accounting for the FS<>CP final-state swap

pcprs(t, 7, Q%) oc | [(1— Ap)Q%8 + (1 + Ap)Q%8] 14 (1) +
(17)
+ [(1— Ap)QE — (1 + Ap)Q%8]1_(1t)],

prscp(t, Q%8 %8 o (1 + AcpAr) [(1— Ap)Q + (1+ Ap)Q%8] H, (t)+

— (Acp + Af) [(1 — Ap)QSig —(1+ Ap)ﬁs"g} H_(t).
(18)
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3-body Background Model %

Invariant mass: ARGUS (endpoints depend on the spectrum) convoluted
with double-gaussian resolution
Decay time: derived with KDE, accounting for tagging response

P3b(t[€ss) = jess,1 T1(t) + djess),0 To(t), (19)

Tagging:
Q% (Crag, TTiag) = QB5(05:105) - 28, (€559 M55 (1)) (20)
QP (ErynT) = Ser1e T T (17) + 0¢r, 187 W (7) + Ser0(1 — €7 — 5?"1?)('/(77(2%-‘)

MC (WIFAI 2025 PVin B, - ntx— /B — KExT 2025/11/12 12/20
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Combinatorial Background %bg

Invariant mass:
p(mlt) o e (O™, (22)
a(t) = po [1 + tanh [p1(t — p2)]], (23)

(different « depending on the FT response)
Decay time: KDE on high invariant-mass sideband accounting for different
tagging responses

pcomb(t‘éag) = Z Z 5‘£OS|J(S‘£SS(K)‘,/< Tik(t)7 (24)

j=0,1 k=0,1
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B% — 7t7x~ Selection Results %

Yield 2015-16 2017 2018
N(B® — ntn™) + + +
N(B® — Kt7™) + + +
N(B? — nt7™) + + +
N(BY? — 7tK™) + + +
N(3-body, +,-) + + +
N(3—b0dyK:|:7r¢’1) + + +
N(3-b0dij:7r:F’2) + + +
N(comb+,-) + + +
N(combKiW:F) + + +

CPV observable 2015-16 2017 2018

C(BO —atrT) -0.310+0.047 -0.300 +0.050 -0.310+0.047

S(B® — wta~) -0.7324+0.043 -0.762 4+ 0.047 -0.7514+0.044
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BY — ntm~ Selection Results %

Yield 2015-16 2017 2018 Tot
N(B® — 7nt7n™) + + + £
N(B® — Ktrn™) + + + +
N(B? — nt7n™) + + + &+
N(BY — 7t K™) + + + +
N(3-body, ) + + + +
N(3—b0dyKiﬂ.:|:71) + + + +
N(3—bodyKiﬁ’2) + + + +
N(comb,+,-) + + + +
N(comby+,+) + + + +
CPV observable 2015-16 2017 2018 Tot
C(BY »nrm) 0.32£0.42 0.16+0.42 -0.57+0.46 0.04+0.25
S(BY = 7tn) -0.15+0.41 0.4340.40 -0.2140.47 -0.0440.25
—ART(BY — ntr™) | -1.64+0.45 -0.74+£0.62 -1.28+£0.55 -1.33+£0.31
C(B"»rmrm) 029840057  -0329+0.062  -0.243+0052  -0282+0.032
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BY — ntm~ - Mass 5.23—5.32 GeV/c? %bﬂ

m = @ =
§ 140— LHCb Preliminary § 300 LHCb Preliminary
S 120F S 25003
E 100" 8- mm- :U; B 8- mm-
§ 80: s § 200 s
i B~ K*mr~ D 150 B~ K*mr~
6013 [ 3-Body bkg. 100 [ 3-Body bkg.
40 Comb. bkg. Comb. bkg.
20 50
) s’ PRI SR, P RIEAI
2 4 6 8 10 12 14 2 4 6 8 10 12 14
Decay time [ps] Decay time [ps]
B nl etk b ol o | cH Luunlululiun Dyl bl e st L
Ot e o o o ety |...r e i
_5\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘ _5\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘

*Tr~ final state, B tagged, OS (left) SS (right), 2018
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BY — ntm~ - Mass 5.23—5.32 GeV/c? %bﬂ
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BY — w7~ - Mass 5.33—5.45 GeV/c? %
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BY — w7~ - Mass 5.33—5.45 GeV/c? %
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Old Analysis Systematics %

Source Crn Ser AB, Agj‘l
Time acceptance
Model 0.0048 0.0027 0.0005 0.0005
Calibration channel 0.0028 0.0013 0.0003 0.0057

Transport between modes | 0.0038 0.0019 0.0010 0.0001
Time resolution

Width 0.0015 0.0026 0.0001 0.0001
Bias 0.0003 0.0003 0.0000 0.0000
Average 0.0004 0.0007 0.0000 0.0000
Input parameters 0.0029 0.0018 0.0001 0.0001

BY from B} - - - _
Flavour tagging
SSK calibration — — — _

Calibration model 0.0012 0.0013 0.0000 0.0000

Hy— h*h'~ mass model 0.0065 0.0078 0.0004 0.0074
Cross-feed model 0.0075 0.0044 0.0001 0.0001
Comb. bkg. model 0.0057 0.0030 0.0001 0.0015
Part. reco. model 0.0043 0.0063 0.0005 0.0036
PID in fit model 0.0020 0.0031 0.0002 0.0016
PID asymmetry - - 0.0028 0.0028
Det. asymmetry - - 0.0012 0.0012
Total 0.0145 0.0128 0.0033 0.0108
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