I1.H Imperial College
London

Recentresultson B — VV
decays at LHCDb

Nonleptonic decays of heavy mesons Workshop,
IPPP Durham, 24.03.26

Davide Lancierini (ICL)



B — V,V, decays
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* Diverse range of decays of a B-meson to two spin-1 (V)
mesons

e Spin structure — amplitude analysis: plethora of
accessible observables BOO

* Rich test-bed for the Standard Model (SM) d

 Measurement of highly suppressed decays (CKM, loop
and OZl)

 What it the origin of the tension btw SM prediction and
experiment in polarisation fractions of hadronic

B — VYV decays? Bob%
d

» Is ¢, consistent with its SM precise prediction?

 And many more...
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B — V,V, measurements

// * At LHCb branching ratios are accessed relatively to control modes \
_ _ | with same final state to cancel systematic uncertainties (detection
Olntegrated branching ratios effs., 0,7, L ...)

Level of difficulty, statistical power needed
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B — V,V, measurements

S At LHCDb branching ratios are accessed relatively to control modes \\
with same final state to cancel systematic uncertainties (detection

olntegrated branching ratios effs., 6,7, L ...)

* Require careful study of relative efficiencies and often need an
amplitude analysis anyway to extract the desired component.

. Eg:K(892) > K*n* selected in My, window —presence
of broad K °(800), K °(1430) and NR contributions to be

Level of difficulty, statistical power needed

included
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https://arxiv.org/abs/1905.06662
https://arxiv.org/abs/1712.08683

B — V,V, measurements

o|ntegrated branching ratios

to rich angular structure

oAngular analyses

Level of difficulty, statistical power needed
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formalism also used (although less common)

N

-« Study of differential distributions of B — V;V, decays offer access

P — VV . 3 polarisation amplitudes, A,, A, A, extract their
magnitude and phases together with their relative

\ * This is not the only parametrisation on the market! Covariant

X ‘ ZA’igi(mlam%Q)‘Q

%
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B — V,V, measurements

o|ntegrated branching ratios

OoAngular analyses

Level of difficulty, statistical power needed
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Study of differential distributions of B — V,V, decays offer access
to rich angular structure

dl’
deml dmz

X ‘ ZA’igi(mlam27Q)‘2

Require control of the differential rate “warping” effects due to angular
acceptance (forward region) mass requirements and finite detector

resolution
~LHCb Simulation
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B — V,V, measurements

/ » For self tagged modes, one can perform AAp of branching \

‘ ratios or polarisation fractions either integrated or in regions of

Olntegrated branching ratios ohase-space

* Require control of production and detection asymmetries,

often a control mode where these are known is used
OoAngular analyses

 For untagged modes, time independent and untagged angular
analyses allow to access direct and mixing induced CP
observables: [PRD.88.016007]

oTime integrated CP
asymmetries

* Triple product asymmetries involving products of the kind:

Dy, - (€, X &)

 (Can be as “easy” as a counting experiment for some
exceptionally clean channels such as Bg) — ¢ and

K B), — KK™ //

Level of difficulty, statistical power needed
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https://inspirehep.net/literature/1237930

B — V,V, measurements

o / \
3 |  Usually the most complex analyses as they factor all previous ,
o o|ntegrated branching ratios experimental difficulties together

-

o  Require control of production and detection asymmetries,
% _ often a control mode where these are known is used

Qo oAngular analyses

_8 i * Require control of flavour tagging performance and B

w decay time resolution

e ; ‘

S . .

+> @ L .

» lime lntegrated CP * Allow access to observables in time dependent decay width
= asymmetlries such as CKM angles and mixing parameters :

=

;.(;_) 1= 1.2~ UTfit .
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Search for B — ¢¢

[JHEP 12 (2025) 026]
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o BSO — @@ flaghisp charmless B — V'V decay for its clean signature and relatively background free
environment measurements of /3

. BY = ¢¢ was never observed
» bd — s5 annihilation: loop, CKM and OZI suppressed
. Small expt BF within the SM ~ O(107%) excellent SM probe

. Previous searches with LHCb Run1 data — world best limit at Br(B" — ¢¢) < 2.7 x 107% at 90 % CL
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https://arxiv.org/abs/2507.20945

New analysis uses full Run1+2 data
 2X the dataset. + 2x sensitivity wrt previous search
Increase In sensitivity from improved control of backgrounds

* Innovative techniques to reduce impact of decay in flight
and final state interactions from B, = ¢¢

 These effects yield kinked tracks, worse momentum

resolution, smear of mass peak — BS leaking into B
region

e Kaon interaction boosted decision tree (BDT) to reject
candidates with hadronic interactions

e Use muons from BT — J/w( — uu)K™ as proxy for
non-interacted kaon tracks

D. Lancierini (ICL) Nonleptonic decays of heavy mesons Workshop, IP

[JHEP 12 (2025) 026]
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https://arxiv.org/abs/2507.20945

Search for B — ¢¢

s = = - - = ==t = = =

e Signal is consistent with the
background only hypothesis at 1.90

 Decay not observed — set upper limit
with CLs

e New limit is at:

Candidates / (10 MeV/c2) |

*1
|
|

10

Br(B’ = ¢¢) < 1.3(1.4)x 10°°
at 90% (95%) CL

 Factor 2 improvement over prev. result

 Approaching lower limit of theoretical
predictions

* EXxciting prospects for Run 3
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Amplitdue analysis of BT — pOK “F

[PRL 136 (2026) 021803]

e e __ e — — = = — == S — - = = —_—

« B — VVdecay, higher branching ratio allows amplitude analysis — performed in the helicty basis: three
independent helicity states: Aj, A, A_

A, —A AL +A_
_ Working in transversity basis where: Ay, A| = \/_ Ay = \/_ ,
2 2

- Transversity amplitdutes have definited CP eigenstates with Aj, A, CP evenand A; CP odd

 Expectation from heavy quark symmetry is that A, should prevail over the other two

i ~ 1

AP+ A2+ A2

* Part of long standing polarisation puzzle — this amplitude herarchy seems to be respected in tree level
B — V'V decays but not in loop induced B — V'V decays
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https://arxiv.org/abs/2508.13563

Amplitdue analysis of BT — pOK “F

[PRL 136 (2026) 021803]

e The BT — pOK + decay was not studied at LHCb before

 Amplitude analysis from BaBar: branching fraction, polarisation and CP
asymmetry were measured (f; = 0.78 £0.12)

* New analysis with full Run1 + Run2 LHCb datasets

+ Recostructed with p* — ztz~, Kt — K{n™* %

» Simultaneous fit to BT and B~ candidates, share e.g. common intermediate
resonance parameters

N(B*) = 2208 + 53

N(B~™) = 233355
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https://arxiv.org/abs/1012.4044
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Amplitdue analysis of BT — pOK "t

. (03 <m(ztn7) < 1.1) GeV/c?

. (0.75 < m(KJn™) < 1.2) GeV/c?

. 5D amplitude analysis of BY — (ztz7)(K{x*) in the
phase-space regions of
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Amplitdue analysis of BT — pOK “F

* Most precise CP averaged longitudinal polarisation fraction:

= — . = —_—,——

avVv
fie =

ACP —

D. Lancierini (ICL)
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[PRL 136 (2026) 021803]
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B( y = KK



. B" - KK and BY — K"K decays loop-level mediated at lowest
order

 Closely related by U-spin swap of s <> d

 Under QCD factorisation hypothesis, cancellation of QCD uncertainties

B(BY— K*OK*0) f?
B(B®— K*OK+0) fd’

LK*OK*O — g

« Latest Ly«z+0 predictions with different form factor treatments:
| . predicitions based solely on LCSR, Il : LCSR and lattice QCD

I,SM 1747 II,SM +5.70
LK*K* = 18.34 g5, LK*R* = 26.08"; 5

[JHEP 09 (2025) 188]

motivate the measurement of a clean ratio of longitudinal branching ratio:
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https://arxiv.org/pdf/2506.12478

B( , = KK

— ——————— —_ P — e e = —

e

[JHEP 07 (2019) 032]

. Latest results from LHCb: time independent angular analysis determined for both B" and B with 3tb~!

data

/ fL 0240 £ 0,031 (stat) = 0.025(syst)

\ /' =0.724 £ 0.051(stat) = 0.0l6(syst)

fL well compatlble with SM prediction!

« Using naive luminosity scaling the measurement onfLS IS
going to be systematically dominated:

* Major contributions to syst. budget are from simulation
sample size and S-wave mass model

* Reduce the latter by decomposing the amplitudes using
angular momentum eigenfunctions rather than helicity basis

Decay mode

Parameter 1,
Bias data-simulation 0.004
Fit method -1 0.001
Kmematlc acceptance -1 0.011
TResolution —10.002
_P—wave mass model _
S-wave Mass model 1 0.021
Differences data-simulation | 0.002
Background subtraction 0.000
Peaking backgrounds 0.003
Time acceptance 0.008
Total systematic unc. | 0.025
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https://arxiv.org/abs/1905.06662
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Bg) — K YK0. covariant tensor formalism
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* The angular model in helicity formalism is fine, the problem
arises in the mass variables:

1 it L =0,
* Longitudinal and parallel amplitudes are not eigenstates of 1 T A
angular momentum but rather a superpositionof L =0, 2 B(q,L) = \/1 + (qr)? ’
1 .
* In Blatt-Weisskopf barrier factors set L = O as baseline \/9 3(q)2 1 (qr)? it L=2.

and trial L = 2 as systematic

* |n covariant tensor formalism amplitudes are built from spin amplitudes, which are eigenstates of ang.
mom.:

A®@) = ) aS(P)T(D,)B(P,)
l
» a; complex coefficients, S:(®,) spin amplitudes 7(®,) mass lineshapes of the resonances (Breit-Wigner,
LASS, dispersive scattering model.. ) and B,(®,) are the Blatt-Weisskopf factors

« Rather than angles and masses use ®,,, the of four-momenta of final state particles as fit basis
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Bg ,— K "0V, covariant tensor formalism

== E— _ _ _ _ — — P —— —_ ——— e ——— S — —_—— _ e —— = —— S = =

A®@) = ) aS(PT(D,)B(D,)
l
e Sum runs over i = 6 amplitudes, each K7z can be in a vector (V) or scalar (S) state:

« SS (S-wave only)
e V§ and SV (P-wave only)
e VV (S—, P— and D— wave)
» Region in m(Kr) considered (K*7™) threshold < M(K*n%) < 1042) MeV/ c?
« Upper limit is set to keep us in the elastic region (i.e. below K7 production) since the S-wave parametrisation is simpler

» First time at LHCb fitting the K=z S-wave down to threshold

* Higher order spins (e.g. tensors) not included as nominal but considered as systematics

« Vi mass modelled by a relativistic Breit-Wigner line-shape

* Sk, mass modelled with dispersive scattering model (Pelaez-Rodas parametrisation [arXiv:2010.11222]

D. Lancierini (ICL) Nonleptonic decays of heavy mesons Workshop, IPPP Durham, 24.03.26
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https://arxiv.org/abs/2010.11222

(5) [arXiv:2512.05102]

» The branching ratio of Bf — KYKVand B - K"’k is also provided separately:

- Normalise with respect to open charm decays B) — Dz and B® — D™zt with the same number of
K and & in the final state:

I || 1 | ] I -
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ombinatoria — .
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BO—K*OK*0 __
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[arXiv:2512.05102]
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B — KK
(s)

« Spin amplitudes for BO — K*OK*O

B( ) decay topology Angular amplitude Z(®4)
B— VV|S] Lo(pv, qv)L%(py, q7)
B— VV[P cabedP5 L (P8, 48) L7 (pv, qv ) L* (py7, 47)
B— VV[D] Lav(pB,98)L°(pv, qv) L% (py, gi7)

« Where LM1 ﬂL(p, q) is the relative orbital angular momentum tensor of initial state with momentum p

decaying to a two body with relative momentum g = p; — p, between decay products

Result are fit frations of the kind
Parameter Value Parameter Value

BY S+D %) 37 = 2 =£2 .F‘I/DV (%) 14 &= 1 0.7
B S+D %) 15.6+0.63+0.26 FL, (%) 15.55+0.56 % 0.38
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(5) [arXiv:2512.05102]

Sin @+~ sin @ — _+ SIn

V2

* Most precise branching fractions S —
measurements, improving over the PD_G ,/’/
uncertainties a factor 5 for BY — K K Y and ffg = 0.159 £ 0.010(stat) = 0.007(syst) \

4for B > KK 0
fi = 0.600 £ 0.022(stat) + 0.017(syst)

* Li+og+0 in good agreement with previous exp

value of
I 4.43 +(0.92 LK*OI?*O = 4.92 +0.55 (stat) + 0.47 (SySt) + 0.02 (ext) + 0.10 (fs/fd) ‘

|

* Now stat dominated (syst uncert driven by ( B(B] — K*K*°) = (0.932 £ 0.025 (stat) == 0.018 (syst) £ 0.036 (ext)) x 107°. |

background modelling)

+ 0.29 (stat) £ 0.43 (syst) £ 0.16 (ext)) X 10—7:

* Tension with SM persists
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BY — J/IwK*(892)"



The run for ¢,

« SM prediction for mixing induced CPV effects in b — ccCs decays
IS very precise

‘ PDG 2025 \

68% CL contours

¢y =—20, = — 0-0376J_rj888§ [CKMfitter] ¢, = —0.0367 = 0.0010 [UTfit] 0.11 (A log £ = 1.15)
. N . o+ CDF 9.6 fb~1
» Sensitive to NP contributions in mixing n
g 0.09
ES |
» B, — J/yq is the golden mode for ¢p, measurements: E LHCb 9 fb™?

*C:;ombined*
Al's errors scaled by 1.86

ATLAS 99.7 fb! /

0.07
 Penguin amplitudes are subdominant

* Requires a flavour-tagged, angular and time-dependent 0-0%3 0.1 01
analysis ¢/¥*[rad]
. . 2 wn2, 6" _ HFLAV] averaging group
» World average is dominated by LHCb measurement %o.os_— eRen - [ V] <SINg Ul
[PRL 132 (2024) 051 802] 12: i T - — Combined result from
FlF e TN CDF, DO, ATLAS, CMS and LHCb data
T /l// KK 44 2 d §° \v':,,/_,_ ! (complete list of inputs and references)
= — -+ - | =
#; 0.044 £ 0.020 ra J Tt P o
* New modes governed by the same underlying transition will — ] g Y ~0.050 +0.017
tighten the room for NP contributions (tps) modulo (2/Am,)
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http://ckmfitter.in2p3.fr/www/results/plots_summer23/num/ckmEval_results_summer23.html#etiquette2
http://www.utfit.org/UTfit/ResultsSummer2023SM
https://doi.org/10.1103/PhysRevLett.132.051802
https://hflav-eos.web.cern.ch/hflav-eos/osc/PDG_2025/HFLAV_phis_inputs/HFLAV_phis_inputs.pdf
http://www.apple.com/uk

[arXiV£506.22090] submitted to JHEP
CPYV and polarisation measurements in Bf — J/IwK*(892)" decays

. . . . . (' || J/¥ ./‘j I/
» Subleading SM loop contributions in B, — J/y¢ decay complicate the .y M%W//Vq \J
interpretation of experimental measurements in terms of ¢, ””O o ”‘\ by “_:;_';'5
J/¢ gb Contrib. from SM : \ I x 80 NW C\-
o BSM / / loops P~ " "
Gsi = —2Bs + &5 +Ag (a4, 0;)
- Orocess tree level loop level
» Goal: measure CP asymmetry of CKM suppressed b — ccd decays, coupling | coupling
e.g. B) — J/wK™", to constrain penguin parameters in B, — J/y¢ via B, — Iy " 2 24
approximate SU(3) : ;
B, — JIyK™ ~ A ~ A
. . =t S
« Run2 Time-Integrated angular analysis of BSO — JIyK 0 allows to:
« Fit for P-wave amplitudes to extract polarisation fractions (combine ESOOO? LHCb 6 fb’! E
with Run1 results to obtain most precise values to date) S 4000 . E
=~ - Data
- - 0 () Soof b e
» Update the branching ratio of B, = J/wK = R
= — - BY = JwpK m -
© - - -~ Comb. background -
« Measurement of Ap and constrain penguin parameters (a’, 0') ; U | E
T Rt Ty S -
5200 5300 5400 5500 5600

m(Jp K n*) [MeV/c?]
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[arXiv:2506.22090] submitted to JHEP
CPV and polarisation measurements

* Event selection and mass fit: 0 B Mass

;: i — Bd-no-decay TMVA overtraining check for classifier: BDTG_fold2
_ _ _ o s i ooy | B 18 [ Signa st safpie) | - Sighalvaling shrpie) "
« Selection: PID, kinematic cuts, 80(70) MeV/c~ window R e
*0 0 - z oF
ar(c)>und the J/w(K ) mass, veto of A — J/yp_ g1~ and : y
B, — Jlyr_ gmmislD :
» In addition to combinatorial BDT, train another BDT using .l

simulation:

1 08 06 04 02 0 02 04 06 08
0 T 1 I T 1 | L T I l T 1 T I L T I T T BDTG_f°|d2 responseO
5240 5260 5280 5300 5320

 Based on tracking reconstruction quality variables in B,
decays after (before) T2 as a proxy for sig. (bkg), allowing S e _

Q —— Totu! POF mean_Bd = 5279.785910.0093_5 ;") rrrrr '—- u-m o l;\earrl_Blcl =' 52'79.;96; i]O.(;)93T§
to: 3000 e O I~ e s IO 545 3
22500 g i :s:Bs:-()ZZStSS _E 22500 Comms bt nsiﬁBs;(ﬂlOtBZ -
S s 5062000 3 0 raperirl
PY I B .'t " " I " ‘22000 ::ipm:_hcsb--(:(l:);o:: f (l)!.;(xmoé ‘g ::i::a__bcs =—-0.(.)06558.10.000175
mprove B, purity in signal region 5 1500 Efy- -
m ; .
1000 . -
: : With cut
 Remove badly reconstructed candidates (e.g. decay in » | ] WE 3
ﬂ |ght) 5200 5300 5400 m(slf(‘)yom : Ms(goowcq 5200 5300 5400 m(s;t:lom : Msg)/(}CZ]
— - - 0 - - 2 wof e mesiemasn o
° m(,u,uK 7~ ) mass fit to extract BS sWeights for angular fit 5 el vl E— ) e
=~ = e oo nsT:gB(sij 19572 + 194 E ,i“ . ‘1
2 100f o osan Sig. eff. 98.3 % |
g wf . |
of | i | bkgrej. eff. 42 % |
rejected | L. D
20 - -

e e e = N T Y PP
5200 5300 5400 5500 )
My k) [MeV/c?]
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[arXiv:2506.22090] submitted to JHEP

CPV and polarlsatlon measurements in BO — J/ 1//K>’<(892)O decays

Angular analysis:

e Simultaneous fit for S and P wave amplitudes
In 8 categories: 4 my_ mass bins x 2 meson charges,

 S-P wave interference effects taken from Runi1 analysis

kaon charge

* Physics quantities of interest:

 CP averaged P-wave polarisation fractions, CP averaged S-wave fraction

and CP asymmetries AkCP

 Systematics considered include error on simulation corrections, fit model

biases, contributions from external CP asymmetries

 (Combine with Run1 result for most precise determination of:

Br(BY — JIwK*(892)" = (4.13 £ 0. 12£0.07£0.]4 +0.45) x 107> 45
BMB%

« Using all measured quantities, recast result in terms of constraints on ¢,

stat syst

Js /fd

B - LU I B B ™1 —
+Data —Total fit E g :_ LHCb 6 fb™! +Data —Total fit
- P-wave  S-wave I r - P-wave  S-wave

Angular acceptance evaluated from simulation samples, in bins of mg_and

loop

D. Lancierini (ICL)

sz
7 (

Spherical harmonics

CP _
A =

0.528 + 0.011 (stat) + (

0.205 + 0.012 (stat) + (

0.021 £ 0.026 (stat) + 0 007 (syst
(stat) & (
(stat) + (

—0.073 =+ 0.060 (stat
0.057 £ 0.049 (stat

Nonleptonic decays of heavy mesons Workshop, IPPP Durham, 24.03.26

r, —T, reve
Fk - Fk FP

- ACP(BY 5 J/pK™) run2 Rela.] = —0.10%)

. 037
: H.(B® = J/YK"™) run2 Imla,] =0.024%

10 |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
=10 -0.8 -06 -04 —-0.2 00 02 04 06 08 1.0 12 14

Relae]
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Conclusions and prospects

— e —— — —_ P — e e = —

e Several Run 1 + Run 2 B — V'V analyses are ongoing including:
0 *()
By = oK

. Bg) — pVK™ Shed more light on the polarisation puzzle

BT - ¢K~ Most precise determination of ¢ ina b — dds transition

/

—i
o

« Time-dependent B’ — KK

(s) — 2025 (13.6 TeV): 7.20 fb™
— 2024 (13.6 TeV): 9.56 fb™"
— 2023 (13.6 TeV): 0.37 fb™"
— 2022 (13.6 TeV): 0.82 fp

(
(
— 2018 (13 TeV): 2.19 fb™
—2017 (13 TeV): 1.71 fo’ p
6 —2016(13TeV):1.67fb"
(
(

o
|

* Run 3 likely to have double the luminosity of
Run 1 + Run 2

— 2012 (8 TeV): 2.08 fb™

* Having moved to fully software based trigger roughly

Integrated Recorded Luminosity (fb™)

— 2011 (7 TeV): 1.11 fb™
doubles the number of signal candidates per 4+
ob~! — huge dataset of charmless B — VV decays
to explore 2~ 7 —
//_—
ol A_/_‘// —  — /F//Ilf
Mar May Jul Sep Nov
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Spare slides



Bg ) = K VK™ amplitude analysis and branching fraction measurement

—_—— _____ S ——— —— e e e _ = ———— —————————  _——_—————— = =S _

S

o The heavy-quark limit implies the polarisation hierarchny > f”, N B(S) — KOV
decays, with QCDF predicting [Nucl.Phys.B774:64-101,2007] :

AT T S

ILHCb: JHEP 07 (2015) 166]

*() - O*
B, — KK
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Bg ) = K VK™ amplitude analysis and branching fraction measurement

— e e e e
e

— — —_ — — ——— ——— — I = s——— = == —— e——0— = —— - — = —

o The heavy-quark limit implies the polarisation hierarchny > f”, N B(S) — KOV
decays, with QCDF predicting [Nucl.Phys.B774:64-101,2007] :

sh=oendls  p=omigy |

[ TD CP asymmetries in B, — K VKV with 3fb™! of
~ data

* First measurement of the CP-violating phase

[LHCDb: JHEP 03 (2018) 140] ¢p** = — 0.10 £ 0.13(stat) £ 0.14(syst) |

B .
- Low value of f,* confirmed

[ =0.208 £ 0.032(stat) £ 0.046(syst)

*() - O*
B, — KK
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Bg ) = K VK™ amplitude analysis and branching fraction measurement

— e e e e
e

— — —_ — — ——— ——— — I = s——— = == —— e——0— = —— - — = —

o The heavy-quark limit implies the polarisation hierarchny > f”, N B(S) — KOV
decays, with QCDF predicting [Nucl.Phys.B774:64-101,2007] :

sh=oendls  p=omigy |

[ TD CP asymmetries in B, — K VKV with 3fb™! of
~ data

* First measurement of the CP-violating phase

[LHCDb: JHEP 03 (2018) 140] ¢p** = — 0.10 £ 0.13(stat) £ 0.14(syst) |

B .
- Low value of f,* confirmed

[ =0.208 £ 0.032(stat) £ 0.046(syst)

*() - O*
B, — KK
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Bg ,— K "0V, covariant tensor formalism

[ )
/41 M

——— e

_ _

(p, A) rank J polarisation tensor with Lorentz indices U..

e Rarita-Schwinger polarisation tensor symmetric traceless and
orthogonal to p

» Reduce 4’ components to 2J + 1

* P projection operator, L contraction with relative momentum in 2 body

decay

e Square brackets relative angular momentum between intermediate

states

D. Lancierini (ICL)

B(S) decay topology

Angular amplitude Z (P,

B—sVV
B VV
B—sVV

B— VS,

B— SV,

B— SS,

S, V= K{m,, V— K;nf
Pl, Vo K{m,, V= K;nf
D], V= K{r,, V— K;nf
V- Kin,, S— K;nf
S— Kim,, ‘7—>K3_7TI
S— Kim,, §—>K§7r+

Lo(pv, gv)L*(py, ¢y
eabcaPB L (PB, 48)L° (Pv, gv) L*(py, a4y
Lap (PB, CIB)Lb(pV7 QV) (Pv,

( ) L*(
( )L*(py,

a

N B
S

L.(pB,qB Pv
apB 4B

.
o
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