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Rare and Semileptonic b-hadron decays

* Rare - Sémaiepﬁomw ,
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| Highly suppressed or forbidden in the SM: | Sensitive to hadronic and leptonic effects:
I O Higher orders diagrams: FCNC, box, penguin 4 O Probe for |Vub | and |Veb | *
’ O LFU tests | O LFU tests
m S 1
| O Lepton flavour and baryon number violation ‘ O Possible 3@ generation enhanced coupling
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More about rare decays in presentation by M.Reboud. More about semileptonic in presentation by M.Bordone.
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https://agenda.infn.it/event/38205/timetable/?view=standard#22-theory-of-rare-b-decays
https://agenda.infn.it/event/38205/timetable/?view=standard#21-progress-and-open-problem-o

LHCb detector for b hadron decays
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O The LHC has a large cross section of b and ¢ hadrons: // \
— [/ HCAL ,
O'(bb)7 TeV — 295 ub Vertex / / P s M M_5 250m>1d \
0(@5)13 oy = 590 ub reoonstructlom / \
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O LHCb designed as forward spectrometer to focus on
bb production:

»LHCb:
" 25% of bb

LHCb MC | | | Hadronic E
SRRy Tracking Electromagnetic E measurement
measurement

Int.J.Mod.Phys.A30,1530022(2015)

Phys.Rev.Lett.118(2017) 052002 CERN-LHCC=2003=030
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https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.052002

LHCb-PAPER-2023-033
arXiv 2312.09115
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https://arxiv.org/abs/2312.09115
https://arxiv.org/abs/2312.09115
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Motivation: to determine the hadronic contributions in BY — K ’u* i~ decays. CERN Seminar
Crucial for a final understanding of the b — su™ 1~ anomalies.
Goal: perform a model dependent amplitude analysis. ?

\ Strategy: fit the full 5D differential decay rate unbinned in g2

Decay amplitudes: choice of parametrisation Non-local hadronic terms based on the param. from: i

Bobeth,Chrzaszcz,vanDyk,Virto[EPJC78 (2018)451] |

introduces a model dependence. Gubernari,vanDyk,Virto [JHEP02(2021) 088] |
Gubernari, Reboud, vanDyk,Virto [JHEPO09 (2022) 133]

Local form factors (FFs) constrained to:

Won-local hadronic V

Gubernari,Reboud, vanDyk,Virto WM3Atrix elementg 5

[arX1v:2305.06301]
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https://arxiv.org/abs/2312.09115
https://arxiv.org/abs/2312.09115
https://arxiv.org/abs/2305.06301
https://indico.cern.ch/event/1312648/

O Differential decay rate can only access the relative size of the Wilson coefficients.

O Scale of Wilson coefficients set by branching ratio.

O Extended fit allows to link the observed yield to the signal branching fraction.

Normalised to B’ — J/wK ™7~ control channel to reduce systematics.

———> B

0 0 2
Nuw = Nyjwrn X B(B” = K™ p"p7) X 5 « R
sig — {VJ/YKm 0 — TR c
B(B® — JJbK* 7) x [I557 x B — wt i)
from mass fit to ‘ '
control channel from Belle dedicated ~— \
(include exotica contribution) B? - JIyK*n~ PDG

amplitude analysis

|Phys.Rev.D90(2014)1122009]
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Ratio of efficiency:
from simulations
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Greljo, Salko,Smolkovic, Stangl
[JHEPO5 (2023)087]
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https://link.springer.com/article/10.1007/JHEP05(2023)087
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.112009

Ps’ angular observable: from the fit result, the classic ]
binned observables can be reproduced. Impact of cc

on P’ found to be consistent with predictions. |
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New amatvjsis method ko deblermine hadronic conbributions in BY = K

g* [GeV?/c*]
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Wilson coefficients: consistent with global
analyses of b — su™ ™ decays.
= S L L B
Q - LHCb 4.7 fb! #>0only -
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Vytu~ decays.
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LHCb-PAPER-2023-038
arXiv 2402.01336
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LHCb-PAPER-2023-038
arXiv 2402.01336
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O Electrons and muons exploit different subdetectors.

y

O Bremmstrahlung energy loss is greater for electrons.

The Ry, observables, theoretically clean:

q2 = momentum transfer to the pair of leptons

‘3’ q2r2nax dB(B—>H§u+u )dq2
O Worse resolution and lower reconstruction efficiency. R inin dq M4 0(10_2)
\& Ioh T q?nax dB(B—HgeTe )d 2
qr2nin dq2 q QED

O Hard to control their relative efficiency in LFU observables.

v

O Double ratios to cancel out common syst. uncertainties between rare and control modes.

[43 g‘]lwy
« Ryoe)y — e
?:; / / Y (2 ) / g N \ |
' |/ | The resonant D(J;) — ¢(I7]7)x™ are ideal control channels in the low g2 region. “
| | B = |
| | I//‘L The g2 region lower than where most precise LFU measurements are done. |
e . . n
: " : ; Clear detector signature and a high BF = allow to verify with precision the *}
| : v \ 71 — e data driven estimation strategy. /}
. — v o A ——1—D ) _ N — .. — = — /
l 6 \0 15 - -
D. Lancierini Firsk conkrol mode af Low qz (P mass). ¢ = $(1020)

Joint SPS-APS Annual Meeting
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Strategy

Signal yield extraction: maximum likelihood fits Efficiency calculation: simulation and data samples.

ropw = BBt = HyJpp(— ptp)) /BB — HoJfp(— ete))

As ¢ and J/y de«co\fjs are dominated bv photon exchange, LFU is expec&ed to hold tn this process,
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( ,
I Measurement of Rgﬂ and Rgﬂ done integrated. |

Additionally, differential measurement provided:

O Angle between the leptons: a(/1]7)

\

|
l
\ 0 The maximum pT of the Ieptons max(pT(l+) pT(l )) Jl

e — = — ———
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Reconstructed D" mass:

Normalisation channel mass fits: Final fits o (5)
X
. _ _ N& )5 :_ —3— Data LHCb 5.4 fb'!
D 100 1 Both masses constrain the intermediate % [ — Total fit
; ;LHCb 54 1fb —+ Data > 2 T e D= mro(u i) ﬁ
O C — Total fit . \O NECLELE s— To(UTu)
-2 AR & U, s K resonance to the J/y / ¢p mass in the S F i Combimatora I
3 B mI ) track fit § °F
§ 10% E Combinatorial ) :_cé; E
5 F Y
S S -
© 10° ) ) + 50
Normalisation: B™ mass from :
O BT = K" J/w( = []7) decay. 1830 1900 1950 2000
5200 5300 5400 5500 5600 ) (T ) [MeV/e?
(K i) (MeVIe) g Assuming that LFU holds in J/y decays. .
~ 5
~ § 45E LHCbS5.4fb! , —+ Data
< 10’ & LHCb 5.4 fb! —3— Data 0 — Total fit
% 0 - — Total fit E 4 - D;Fﬁ 7Z'+¢(e+e‘)
=R S W B*— K'Jy(e'e) :S 3.5 DY mtp(e’e)
N B*— ml/y(e'e) - = 3 Combinatorial
10t B Part. Reco. ﬂ 7 : 1 WD > vt
§ Combinatorial . ..§ 2.5 ' D' — mwmt
.'C'ﬁ : . D+ D-l- 5= 2
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< 10° . o
O " EEEEEES e
............. ( , = d(IT17)n™" decays with ¢ |
, COnStra|nt I o R
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Agreement on the shapes from data-simulation

= validation of the resolution description at low g2.

Still biggest source of syst. uncertainty due to tight

reconstructed D and ¢ mass requirements.

\

(o~ + W D
S S S S
o o o o

Candidates / (4.8 MeV/c?)
N
)
o

Source

J—

s

\_Resolution on ¢°

Event multiplicity
Simulation reweighting

Combinatorial background shape parametrisation

2

Candidates / (1.2 MeV/c?)
N

PID 0.8 0.8 -
Finite size of control samples 0.8 0.6 1
Trigger 0.3 0.3 0.5
Tracking 0.1 0.1
Background from doubly misidentified electrons 1.1 0.1
Total 5.5 5.1
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B > puT)RB(p > eve)

LHCb-PAPER-2023-038
arXiv 2402.01336
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Dilepton mass fits in a narrow m¢(ﬂ+l [T)
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Rgﬂ = 1.026 & 0.020 (stat) 4 0.056 (syst) ———
R;W = 1.017 £ 0.013 (stat) £ 0.051 (syst) N

It shows understanding of the portability of the

corrections derived at g ~ m*(J/w) to lower values.

Weighted average:

Ry = 1.022 £ 0.012 (stat) % 0.048 (syst)

Compatible with previous B(P — [T]7) measuremenks,
and with LFU.

——
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Differential measurement of Rq(bﬂ ).
S LHCb 54! ] & "} LHCb 5.4 fh~!
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Combined with the existing ¢ — e*e™ :

|

PDG [Exp.Phys.2022(2022)083C01]

[

|

t B(¢ — utp~) = (3.045 £ 0.049 (stat) + 0.148 (syst)) x 1074 |
» i
‘ I

\

|

|

n‘

j Most precise measurement of this branching fraction to date. )L
} |
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The analysis of Ag — pK ™y decays provides |

information about the composition of the pK ™

spectrum with unique access to the heavier A states. }g

_— e ——— = sS—— — ——

Removal of peaking backgrounds:

O m(pK) < 2.5 GeV/c? to reduce A2 — pK—”O

O Veto 1010 < m(KK) < 1040 MeV/c2to remove BY — ¢p( — KTK™) y
O Particle ID on p and K to reduce BSO — K*K~ yand B - Ktz y
O BDT

Remaining:

O Partially reconstructed A2 — pK~ 'y
O

background

LHCb-PAPER-2023-036
In preparation
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Fit to the three-body invariant mass:
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Amplitude model for helicity formalism:

Ay, = N*( = pK™)y amplitude for a defined set of helicities 4,

b 3
connect p and A
helicity frames

J

d’, (0 X
ApAA( P)
Wigner d

|JA2+S| lJ/\+J'y|

2. 2.

L=|y0 =S| S=lJp—,

Strategy: unbinned maximum likelihood

. . 2 2
fit to Dalitz plane (m,, m, )

=

—— e —— —
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Clebsch-Gordans

fit parameter
h/\
LS
LS coupling

10

LHCb Run 1
— |

B

LHCb-PAPER-2023-036
In preparation
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JHEP 06 (2020) 116
arxXiv:2002.02692
L
/
? ) B,(p)B(q)BW
M M L(P)B(q) /(mpK)
/\g A line shape with form factors
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2 ot P .%0 %0
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m7(pK ™) [GeV?/c']
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Weighted candidates / (11 MeV /c?)

Weighted candidates / (60 MeV /c?)

1-dimensional projections of the best fit model:
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Same done for Run 1.
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LHCb-PAPER-2023-036
In preparation

interf. (1/2)7  — A(1520) — A(1810) — A(2110)
interf. (1/2)~ A(1600) e el =
C(3/2)- = A(1670) = A(1830) <+ Model
C(5/2)r  — A(1690) — A(1890) -+ Data
) —  A(1800) A(2100)

Hierarchy of the uncertainties

1 resonance parameters (external input)
2 statistical |
2 model-related uncertainties |

4. experimental /\

— = — e — - = = - _ — — _ _ _ _

_— -

-

The default fit model comprises all known A resonances
as well as a nonresonant contribution with quantum

numbers JP = 3/2-.




0 — LHCb-PAPER-2023-036
Ab — pK 7 In preparation

The results are given in terms of fit and interference fractions Final results for the (interference) fit fractions:

between the different components contributing to the final state.

=
P e — - — - - o 0 g B
g | _ N £ | LHCb 9 fh!
Only A resonances decaying to pK ™ are found to be relevant, 1 N I ............................................................................................................................
where the largest contributions stem from o I __________________ l ............................... I ...........................
A(1520), A(1600), A(1800), and A(1890) states ‘fi 5_.. .................. I ..................... I ................... .
s | .

B total systematic uncertainty
B Bl external syst. unc. (A parameters)
e Bl internal syst. unec.

result with statistical uncertainty

| The largest interference term involves the

/A(1405) and A(1800) baryons

P i caine. W oamios U0 e SA D g W omban WE R S catinn SA s o SO ctron P i S artiz SRR comns b i VP aciine SIINP iores CERD it Wl somne. NI i Sl o atiie: WD sctioe GHE) oyt §

N’ 2 e v v T T T T N N N

‘S

a NP
e / T)? T
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B() N E— LHCb-PAPER-2023-045
‘ - b, > U W Y In preparation
0 0 Phys.Rev.D97,053007 (2018)
+,,— +,,— —
BS — Iu lu }/ VS. BS — lu //l Physics Letters B 521 (2001)

S

JHEP 12 (2021) 008

T — —

o Sensitive to a larger set of Wilson coefficients (¢7, Co, C10) than Bé) — U U (Cro).
The photon lifts the helicity suppression making B(BY — u*tu~) ~ BBY — utu~y).

@ Larger theoretical uncertainties due to the form factors of the BSO — ¥ transition.

Worse mass resolution due to the photon reconstruction.

= e ———— _ = e T — _

(a) (b) a o
50 N ( O | Theory predlctlon JHEP 11 (2017) 184 |
T p b v . - |
[ Bo. b . BBY - utu~y) = (8.3 £ 1.3) x 1077 for g% < 8.64 GeV?/c* |
B+ T s — - BB = uTuy) =(8.9%1.0)x 10719 for g% > 15.84 GeV?/c* }
8§ ———hAnnnn Y oo\ o //
(C) (d) 2 — 2( + —)
o) - 50 N O Electromagnetic-dipole operators LA
r 9,10 ut 2 9,10 v
A +< 30, >‘< y @ Four-fermion operators
0 _ S
B H S _ [1 Any four-quark operator
S >—AANAANANANANAN Y \ M
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https://doi.org/10.1016/S0370-2693(01)01203-5
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Strategy: Three g2 regions:

Binl: low-g2
Bin |l: middle-g2
Bin lll: high-g?2

s _ = e ————— — = e - = e - | e e e ——
- T e e —rme—— — — = = So=—s=x>= — . -

Additionally, Bin | is also studied with a
veto on the ¢p-resonance mass:

m(u* ™) = [989.6, 1073.4]MeV/c2

Bin | d-veto: low-g2 without ¢ region

ﬂ"_‘ T T T T T T T T T T T | T T T T T T T T T
Q
5 Preliminary
é — ———
2§ Iy
I§: y(2S)
=~
=.
OTU)
o)
5 -/
Cyo FSR
PR IS T S IS W TR WA NN Y WU SN SN NN NN S S
10 15 20 25 30
g2 [GeV?/c*]

=
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LHCb-PAPER-2023-045
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Bin Il

Phys.Rev.D70 (2004) 114028

T —

CERN-THESIS-2020-303

T

Preliminary

T—

Y(2S)

—SPHUY)/dg” [GeV e

0
S

dB(B

C(9?10 FSR FSR = final state radiation
PR [ ST T S N T T .‘l MR S SR SR B SR SR S aaan a—
10 15 20 25 30
g2 [GeV?*/c']

¢ bin I I1 I11
q* [GeV?/c* | [4m?2,2.89] [2.89,8.29] [15.37, mQBg]
m(ptp~) [GeV/c? ] 2m,,,1.70] [1.70,2.88]  [3.92,mpo]
101 x B(BY— ptp=) [8] 82415 2544034 9.1+1.1
Fraction of BY — u*pu—7 87% 2.7% 9.8%
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Final fits

The measured B(BY — u*u~y) is not

statistically significant in any of the g2 regions.

They are consistent with the background-only

hypothesis at < 10 level.

B(B! = p*p~ )
B(B)— p ™)
B(B— 1 ™)

B(B) — 1 1™ )1, ¢ veto

0.

(
(
(=
(

1.34 4 1.60 + 0.28) x 10~%,

Preliminary

—

76 & 3.55 £ 0.30) x 1072,
—2.55 +2.25 +0.41) x 1078,

0.72 £ 1.56 £ 0.29) x 10~°.

stat.xsyst.

Dominaked bv statistical uncertainty,

=——
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(

( Preliminary
| B(BO—) /1, v '7)III < 3.4 (4 2) X 10—8,

(

(

0.2
| 0 _g ! o = . . L — .
l B(B — ,U M ’Y)I ¢ veto < 2.9 (3. 4) x 1077, | O 002 004 006 008 0.l % 002 006 008 0.1lO
| | B(B'— uuy) B(B'— piy)
| 0 o —8 |
‘ B(B®°— 1t 17 ) comp. < 2.5(2.8) x 1078, a N .
t ~‘ g | LHCb54 fb'
| w‘ . nﬂﬂ‘;l'lc-;n;xt(’)ix:d 3:2:11’; -
\ at 90% (95%) CL. J e
N _ 0.6 — i ~]
0.4 Preliminary -
First direct search of BY — uTu7y, and first search at low % “ZF AN ws

0002 004 006 008 0.
B(B'— wuy)

—— e —— o

== — —

Irene Bachiller - Rare and Semileptonic decays at LHCb 24
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In preparation

— - s — —— — S - - — - - e ———

// ] S _ C'; LHCDb —— LHCb ir:crjeircec(t 9 fb‘1))
| Experimental upper limits in the theoretical context: | & 107 E Preliminary £ Single pole
. : : | . SCET
O Different approaches to BY — ¥y FF’s calculation: S Iy LCSR
5 2 108 l l 77 LQCD + HQET + VMD
- : | ~ LQCD + HQET
o Different estimates of the 4. | S _ y(2s) ESLAcD+HQ
‘ . . o ! t _ ]
l O Experimental results are dominated by stat. uncertainties: % 10~
. L . A
‘ © Run 3 data might be sensitive to different models. L 5 o I
l O Indirect method reaches lower ULs. “
| . . . I 107!
© Direct method is sensitive to the full g2 spectrum. ﬂt
\ L — R R R R R RBRRRREREEBRERBRERSSSSSSSSSSSBBSSRDBD=DjIDIp.. /,/ 10—12 I S R T T N T T O RN T (N T TR T TR N TR TN NN T BN TN T B
0 5 10 15 20 25 30

—e— Direct search BS — U Uy, these results, at 95% CL. [LHCb-PAPER-2023-045 in preparation]
-~ |ndirect search from Bf — utu~ decay at LHCb, limit at 95% CL [Phys.Rev.D105 (2022) 1]

L] Single-pole parametrisation [THEP11 (2017) 184]
Multipole parametrisation [Phys.Rev.D97 (2018) 053007]
Soft-collinear effective theory [7HEP148 (2020) 12]

W Light-cone sum rules [78EPS (2021) 12]
4 Lattice QCD with heavy quark effective theory, assuming vector meson dominance [JEEP10 (2023) 1

R N

== Lattice QCD with heavy quark effective theory extrapolation [arXiv:2402.03262]

g2 [GeV?/c4]

02, JHEP7 (2023) 112]

— = — —— — ———
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—— e

The studies of the kinematic and angular distributions, such as the longitudinal D*

polarisation fraction (/' ,{) *), are sensitive to possible NP scenarios

[Phys.Rev.D85(2012) 094025, Phys.Rev.D94 (2016) 094028]:

O Enhanced by new scalar operators

O Suppressed by new tensor operators

P - _— - - — = _ _ — ___ = = — — *——7‘—2 N
e \

The only measurement, by Belle:

:

FD*—060+008+004 [arxiv.1903.03102] |

SM predictions: w - .

e \
% I !

| FD = 0441 £0.006  [phys . rev.po8 (2018)095018] | Signal simulation: weights are assigned to the }
‘ _ff* — 0.457+0.010 Eur.Phys.J.C79 (2019)] 1 ] events such that the decay kinematics follow ;
| FD* = 0467 +0.009  [sur.ehys.J.c80(2020)] ‘ | the CLN parametrisation of the form factors. |
| — — . B
k FD* = 0422 40,010 [2rxiv.2510 05650 b L Nuc.Phys.B530 (1998) 153-181 //j
\ — — / N e e ———————

o p——— - — —— ——— — ———  — ——————— —— —— R — — —

—— — - — —_—
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http://arxiv.org/abs/1903.03102
http://arxiv.org/abs/2311.05224
https://doi.org/10.1103/PhysRevD.85.094025
https://doi.org/10.1103/PhysRevD.94.094028
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B —> D T I/T arxiv 2311.05224
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— _ _ e —— — ___ PR — e = — — _ = - _ — = =— — = = -~

arXiv:1907.02257

T

dT

iPdcosty ~ The FP" is calculated from the aQD(qz) and CHD(QZ) parameters extracted

(¢%) + cop(q° 5

from a binned maximume-likelihood fit to data. The fit uses four-dimensional

Simulation distributions in two g2 regions: templates in terms of:

QL T 1 FD* p—

= L

§ 0.45 LHCb simulation 0 polarized o 3a’9D (q2) + Cop (q2)

> 0. — unpolarized O COS HD and {q - — S

= 0.3

'—g 0 q> <7 GeV?/c! q*> 7 GeV?/c! O t.. decay-time of the 7 lepton, taking into account the

corrections due to the missing neutrino.

D*rest frame

O An’[i-DS+ BDT output: BDT response, trained to suppress the
° background due to the B — D*_DS(X) decay.
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BO —> D T U arxiv 2311.05224

_ B} f e e TM#V;;»?;:nh{__;“- e e —————
T — — Fit variables in Run 1 and Run 2:
/ . \ 10 3
| | o SETT U P - —
| Final results | £l LHCoran 160 | 2 of o
N - . e - —4— Data ]
FP*=0.51£0.07+003 atg? <7 GeV2/c* | S g o} e
\ — j ~ 3 — —~ 8k B"—D ttv, ]
| g | 1 5 | Bopl ot
t FP*=035+0.08+0.02 atg”>7 GeVZ/c* | g, Ely mo
R — | = . ] 2 4 ‘__ B—D DI(X) ]
] | O 1F 4 & F BoD 33X ]
| The average value over the whole g2 range is: | : 25 h [ compioril -
| D* i. 0 05 ! = . [ps]2 0 0.5 I s 2
| F{"=043%0.06+0.03 * ; - [ps
’! i LHCb Run 1 (3 fb'l)_z § 55 ] LHICbIRunI2(12 fb_'l)_g
| First measurement of the longitudinal D* | 1 27 :
polarisation fraction by LHCb. J; A R N 7> 7GeVilet
- J _‘1; 3E -
E

Compatible with Belle measurement and with each the

cosf,,

SM prediction (s1ide 27). As well as with the SM

- . e LHCHRun2 (21t -
prediction per g~ region:  c.uartineili,s.simula, L.vittoric N :

[arxiv.2310.03680]

Candidates / ( 0.117)

P =0495+0017  atg? <7 GeV?/c*

Candidates / ( 0.106)
— \®] W AN )} (@)}

DE 2 2/ .4
FP*=0.383+0.006 atg~>"7 GeV-/c r S — ) 0 — =
anti-D; BDT output anti-D; BDT output
_ | I i _ —
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O Rare and semileptonic b-hadron decays are excellent opportunities to check the SM and look for NP.

O LHCb is the optimal detector to study b-hadron decays. Latest results:

© BV 5 K *O,u 11~ new analysis method to determine hadronic contributions. LHaCrbX_in P2E3R1_22.002931_1O533
o B¢ — uu")B(P — ee”)first LFU control mode at low g2, PHCB=PAPER= 2025038

arXiv 2402.01336

T ——————

o Ag — pK ™y first amplitude analysis, based on the helicity formalism. LHCb-PAPER-2023-036

In preparation

———

> BSO — utu~y first direct search, and first low g2 search. LACH=PAPER-2023-045

In preparation

———————

*__ . . .
o BY > D T+I/T first measurement of D* polarisation by LHCDb. LHCb-PAPER-2023-020
arXiv 2311.05224

————————
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Long-distance hadronic contribution “charm-loop” : difficult to calculate off _ oSM | oce
_Eg Co +Cg

—

reliably from first principles. It can mimic NP.

Add information to constrain charm-loop parameters:

) x
Experimental measurements on BV — y K™V

2 M * Awn

Theory predictions at g2 < 0, reliable for g2 << 3m¢? -3, Falq®)  MEFA(M )

[GRvDV 2022]

“— —

[BCvDV 2018]

“— T

Theory
predictions
{_I.--- [PRD76 (2007) 031102 ]
_} B [PRD88 (2013) 074026 ]
< [PRD90 (2014)112009 ]
2
<0 [PRD88 (2013) 052002 ]
1 [1.1, 8.0] GeV? [11, 12.5] GeV? q° [GeV?/c*] [EPJC72(2012)2118 ]

T — T

— = = e B——— e —————— = = = =
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LHCb-PAPER-2023-033
arXiv 2312.09115

T

Coy Cio C, Cio
. Amplitude model
Systematics due to the g S-wave form factors <001 <00l <0.0l <0.01
am plItUde model | S-wave non-local hadronic 0.02 0.02 0.14 0.04
S-wave k? model <0.01 <0.01 0.05 0.03
N Subtotal 002 002 015  0.05
. — || External inputs on BR

Largest systematic for Cg, Ci9 B(B° —>pJ/¢K+7r—) 0.05 008 0.2 0.0l
comes from BR external inputs % oo 003 003 001 <001
Others (R.) 0.03 0.04 0.03 0.01
- Subtotal | 0.07  0.09 ]0.04  0.01

| Background model
. Chebyshev polynomial order 0.01 0.01 0.01 <0.01
Systematics related to exp. Combinatorial shape in k? 002 <001 002 <0.01
: : 3 Background factorisation 0.01 0.01 0.01 0.01
effects are in common with Peaking background 0.01 <0.01 0.02 0.01
binned BR/angular analyses Subtotal | 0.03  0.02  0.03  0.01

Experimental effects

Acceptance parametrisation <001 <001 <0.01 <o0.01
Statistical uncertainty on acceptance 0.02 <0.01 0.02 <0.01
B Subtotal 0.02 < 0.01 0.02 <0.01
Total SySt, neg||g|b|e W.rI.L. Total systematic uncertainty 0.08 0.10 0.16 0.05
statistical uncertainty ' Statistical uncertainty (42 <0 constr) 040 028 040 0.4

— S = m = R e = —————— — = = = — = — ——
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T
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Decay rate:

— K'Y meson has spin-1 (P-wave)

» reconstructed through K0 — K*z~
> 3 polarisations: A=1,|,0

L rich angular structure

d°T'[B® — K*Oput ] 9 N
_— = — I; k7)) i (€2
FERTERT 307 Z (¢°, k%) £i(2)

Angular coeffs Aungular ferms (11)

bilinear combination of l
decay amplitudes [’] Y

i 7 Ay A difference w.r.t. N [P Ii(¢?)dg?
| ) < > i >=
[ > ( M >‘2) binned approach [, Ldg?

——
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' Tight cuts around the D+

\

1

mass at trigger level

\

Variations of effs. as a
function of the ¢

-constrained D" mass |

U |

BaCkQI’Ounds ShapeS % T —

get warped in el. channel |

|
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fl( ’ o N ‘\ ’
| |
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|

Validations of the shapes |

I
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% (¢ — U U M _) / % (¢ —> € T € _) ) Hacrbx_in PzEleo_;.002133_3063 8

T — —
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Reconstructed ¢-constrained D-mass:

400 :_+ Same sign data LHCb 5.4 fb’!
350 - — Same sign fit
Inverted BDT data

Combinatorial background modelled with a third

Inverted BDT fit

300

Candidates / (7.6 MeV/c?)

order Chebychev polynomial. Control channel: 250F

& of candidates with leptons of same charge —7 ?:Z

& where 100 A
50;

1 1 1 1 1 1 I L 1 1 1 I 1 1 1 L I 1
1800 1900 2000 2100

my(7* ™™y [MeV/c?]

mass bkg.:

Reconstructed D(J;)

x10°
- ] . ‘3 16ELHCb 5.4 fb'! 4 Data

Dominant peaking background is E “E e

\O 12:_ D; — 't
Dy, — z"n"x" with two misID pions. Size S b Combinaora

. . \ 5_3 8 F

and shape are obtained by reversing the — e

<

@)

electron identification requirements in data.

N} -~ @)
TTTT T T[T T T[T

1 1 I L L L 1 I L 1 1 L I 1 L L L l 1 L 1 L
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. % (¢ — //t +//t _) / ( ‘ e e _) iHaCrb X_iPVA PZE4RO_22.002133_306318
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Alternative procedure to the estimation of the doubly misiID bkg. :

[E—
@)
X
-y
)
W

" % Data LLHCb 5.4 fb’!
14F— Total fit

C ... D'— mtd(e’e)
12 Di— m'(e’e)
L D" - it
-~ D! 5> ntnwt
Combinatorial

The expected D(Jg) — 77~ contamination is obtained from a fit to

the 77z~ z™" invariant-mass distribution for signal candidates selected

1

in the signal PID region, such that no translation across PID regions is

Candidates / (7.6 MeV/c?)

0.8 =
needed. ;
0.6
0.4 f
The difference between this and the nominal result is taken as a 0.2 E—
T B S R BT T S PRI w
systematic uncertainty. 1700 1800 1900 2000

mk( - 7r+) [MeV/c?]

S = - —— e - — e —————— = = = = =
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. o + + o L L L L — - - -
Ratio of efficiency-corrected D(S) — " ¢ and < 1af LHCb 5.4 fb-! 1 S14f LHCb 5.4 fb-! -
BT - K"J/w( — eTe™) yields as a function of 2,,[ BN :

St 4+ I S 14 :
the (left) transverse momentum recovered with =, [ o b 0o 1 T ol bt :

(left) +§1.0: i e * + _ 31.0: = e 3 :
the bremmstrahlung recovery algorithm and Sosl 1 Eosh " :

. o O + Dy 1 e | + D;
(right) its fraction with respect to the total = b DY 1 ..l DV -
transverse momentum of the electron. 2 T 'b'8 T 9 S ez o4 06 'b' 08

log[py ™ (e*)/1(MeV /c)] pp o (er)/pr(et)

The flatness of these distributions indicates that the bremsstrahlung recovery algorithm is well reproduced in simulation

at low g2. The normalisation of these distributions is arbitrary and the uncertainties displayed are statistical only.

S = - e ——— e —————— = = = = =
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Amplitude model

Acceptance model

Mass fit model

"

Table 2: Systematic uncertainties on the fit fractions (top part of the table) and interference fit

fractions (bottom part of the table). The values are given in %. The subscripts “BW”,
“amp.”, and “res.”

“radius”,
refer to the systematic uncertainty due to fixing the resonance mass and width,

fixing the radius of the hadrons, the choice of amplitude model, and the neglected resolution in

Y

the amplitude fit, respectively. The subscripts “finite”, “acc.”, and “kin.”

refer to the systematic

uncertainties due to the finite simulation sample used to determine the acceptance model, the
choice of acceptance model, and the kinematic reweighting respectively. The subscripts “pK”,
“py”, and “comb.” refer to the systematic uncertainty due to calculating the s Weights in bins of
the proton-kaon invariant mass, the proton-gamma invariant mass, and the choice of model for

the combinatorial background in the three-body invariant mass fit respectively.

Obser Vable o ]/31W O-l{éd e 9 amp. Ores. Ofinite Oacc. Okin. UpK g Py Ocomb.
A(1405) 0 0 0 e s 0 o0
A(1520) B e el e e e | ag e s
A(1600) -
A(1670) B s s
A(1690) . s g e s
A(1800) . 0
A(1810) 5 e
A(1820) e B D ES gl e R el g e
A(1830) o e
A(1890) . e e s e
A(2100) by et e Bl e ey B e e |
A(2110) N 0 s e s s
A(2350) N 0 0 0 e 0 a0 0 o
NR(7) W 0 0 0 0 0
Ao o) e s s a0 o o0
A5 ALIBO0) & e e G a0 . s 00
A0 90 s 0 L G
A0 NRC s S e e R s e
Aoy 1sion e e 0 s e s s o
Al 4 18000 8. e e e L s e
e MR e i L
A0 AL L ey e e B L ) 0

— —
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internal

external

Observable Value 0Ostat | Ogye G i Osyst
A(1405) s 0 e
A(1520) s e
A(1600) by e
A(1670) .
A(1690) . .
A(1800) .
A(1810) E | el e e
A(1820) Shl el e | g u
A(1830) g .
A(1890) 112 p ey i
A(2100) il e e
A(2110) B wgee ol el
A(2350) 0 g | e
NR(%2") 28 mA | e

—0.4

=
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A(1405), A(1800)
A(1520), A(1690)
A(1520), NR(3/27)

A(1600), A(1810)

A(1670), A(1800)
A(1690), NR(3/27)
A(1820), A(2110)

p—
H=~
-
Ot

e |71
£0
0.5

—0.6

—1.9

—4.8
3.9
11

+0.1
—0.2

+0.7
—0.8

+0.5
—0.3
+0.4
—0.4

+1.5
—1.0

+0.5
—0.4

+0.4
—0.4

+0.7
—0.5

+0.2
—0.2

+1.2
—2.0

+0.3
—0.9

+1.0
—0.6

+1.3
—1.5

+0.4
—0.6

+0.1
—3.0

+0.2
—2.1

+0.5
—0.8

+0.6
—3.9

+0.6
—2.6
+1.6
—3.2
+4.1
—2.9

+1.5
—2.0

f1.2
—2.7

+2.5
—3.9

+0.5
—0.9

+0.9
—4.6

+0.5
—3.0

+2.1
—3.0
+3.9
—3.6

+1.5
—2.1

+0.3
—4.7

+1.9
—4.8
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Five alternative models:

1 removing the nonresonant component and instead floating mass and width of the
A(2100) and A(2110) states using Gaussian constraints (this is the second best
model);

2 using an exponential function instead of a constant for the lineshape of the nonreso-
nant component;

2 employing a sub-threshold Breit-Wigner for the lineshape of the A(1405) state
instead of the Flatté shape;

_l_o

)

DO | O

4 adding a second nonresonant component with constant lineshape and J* =

£ adding a second nonresonant component with constant lineshape and J* = 15

DN

Alternatives to quantify systematics:

1 modelling the combinatorial background using a polynomial instead of an exponential
function;

2 modelling the partially reconstructed background using an Argus function [46]
instead of a kernel density estimator obtained from simulation samples;

% letting the signal tail parameters vary in the fit to data using a Gaussian constraint
instead of fixing them:;

4- calculating the sWeights in bins of m o (pK~) and m A9 (py) to account for possible
correlations between the Dalitz variables and the three-body invariant mass.

Eg——— = — S —EEE——— — - —_ -— = = — = — - = — — -
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Two complementary methods Fhys Rev.DiUb (2022) 012010
S— — {\,;: B | ' ' ' ' | ' s ' ' ' _
. . o S [ LHCb e :
Indirect no photon reconstruction, probing this decay as a background E 20 1 6n — -
= E 0.70 < BDT = 1.00 e Bz:u:u: E
of the BS — utu~ process: S ISPt e i -
< BN 1 - By, ]
é 10 i_ mee ig:j u‘;’:” —:
"8 - - ' | B(z(+)_> ”0“1“ " -
BB? - utu7y) <2.0x 1077 at 95% C.L. for m(uu) > 4.9 GeV/c* S s ' 4» Comimmor =
) ) O-Z':."..::::;.:.sw-.- - ’L 'l_‘l? :

OMLv sensitive bto k&gk qz - 6000

\ Search by BABAR: |
| BB > utuy) < 1.6x1077 |

Direct with photon reconstruction, presented today.

C} Sensitive to low-g2 region, therefore, to larger set of Wilson coefficients (¢7, Co, C10).

@ Photon reconstruction worsen the resolution.

Signal simulation: as theory input the differential branching ratio computed in D.Melikhov N.Nikitin
[Phys.Rev.D70(2004)114028]. The implementation of this result is detailed in N.Nikitin,A. Popov,D.V.Savrina
[LHCb-INT-2011-011]. + PHOTOS ON for final state radiation.

S — - — = = - = = > — - — -
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T — T

== B - p— — e — = —

Selection: after basic preselection and trigger, candidates must pass a requirement in two MLP classifiers:

_— = —_— —

r// R : - - T
. First MLP ,‘
Aim: reduce the combinatorial background |
‘ using geometrical and kinematic variables. |
| i.

. .
. Trained in data mass side-bands and |
" background, and signal simulation.
I Y

| Second MLP ]

Aim: reduce other backgrounds, exploiting the
fact that the signal objects are isolated.

| | :
Trained with samples after passing the first MLF.

5 ,

|

And some other variables...
I Optimised cut for each g2 bin.

\ Optimised Gebin. )

— —— — - — ——

— - = = —
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Background: studied with simulation ECAL cluster

B® — pun’ o

“—

Double misiD

Double misidentification of kaons or | If one y is not reconstructed or both y’s
pions as muons. Such as: | are merge and reconstructed in one.
B — ¢(—~ KK)y 1

|

B - K*9( > zK)y Low contribution but peaking very close

to the signal.

Probability of ~10- of double misID :

Partially reconstructed ;} ig) — HHN Losk
When one particle of the final state By same reasons than X
is not reconstructed (neutrinos, or by BY — uur®
an inefficiency). * Main peaking background in the

signal region, but broader than
A broad peak outside the mass | BY— ,u,mzo.

region is expected.

Other backgrounds were studied and estimated negligible: B — uuy , B —» #7727 2°, B"* — BY, A, = pKy, etc.

e — - -
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K __ LHCb-PAPER-2023-020
B - D" ¢

T I/T arXxiv 2311.05224
~ Control variables fits:
saof o '; :ZfiD*D:+ Control sample B —» D" D% (X) and B - D" ~D°(X) used
00 Rona Y | B'oD D237 to extract weights and correct the imperfect simulation.

" B>D D

Candidates / ( 20.667 MeV/c?)

200~ ) -
- B"—D D, (2460)" V. |
100" B*—D DX | |
N B -0 “Opix Data-simulation distributions:
4000 4500 5000 . .
m(D*¥3wt) [MeV/c?] - Combinatorial % T T L B % sk . T T
_ o 400 S S 0.15- LHCbRun2 (2 fb 3 LHCb Run 2 (2 fb'))
g\} a [ i b —+— Data E? —+— Data
S lc\D 300-_ B B -Sim. (non-weighted) E 0.1k -Sim. (non-weighted) _
5400— LHCb n 8 LLHCb : < 0.1 Sim. (weighted) < Sim. (weighted)
g Run2 2fb'") | = Run2 (2 fb') - o
% 200 3
© :
© 100¢ . .
i -1 0 1 -1 0 1 0 5 10
0 _ | 0'_ ; cosf D q2 [GCVZ/ C4]
-06 -04 0.2 0 0.2 0 0.5 1 1.5 2
anti-D; BDT output t: [ps]
/N T T T T | '2' T T T T T T | T i T T /-\250_ T T T T T T T T | T
a 800 q*> <7 GeV~/c* q>>7GeVi/c* ] RS :
- >
S | 8 200 —
2 600 LHCb 1 o LHCb :
2 Run2 (2 fb") | = 150¢ Run2 (2 fb) -
° 1 < ]
"2 400 1 3 100f .
< 2! L
O ] = ]
200 4 = 50f
| = -
e 0 1-1 0 1 0 5 10
____cosb, . 2 [GeV’] _ ~ ) - 7 -
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1 | . : ,
o NP, and N,.>° ,: parameters accounting for the number of unpolarized signal
low g high ¢

events in the low- and high-¢® regions, respectively.

The fit is performed within

Table 3: Fit results for the Run1 and Run 2 datasets.

° fl‘(’.)‘;: . and f}?i(;lh .2+ parameters accountir.lg for .the fraction 9f signal polarized ?vents .th e S M fram ew Ol’k Wlth Paila;)f)rlleter Run 1 Run 2
with respect to the number of unpolarized signal events in the low- and high-g low o2 360 + 55 THh& 4+ 62
regions, respectively. unpo

. 532 £+ 70 827 £+ 109
2
® Npo,p--p+(x): parameter accounting for the number of B°— D*~D*(X) events. these free parameters ph()IFh 1 0.36 + 0.07
1 2 . .

® fposp-po(x): free parameter accounting for the fraction of B°— D*~DY(X) events | > fI())(‘;i ! 0.01 + 0.08
where at least one pion comes from a different vertex than the D° vertex, with / high ¢? : |
respect to Ng%rieD*—DU(X)' The fltted arameters f7'+—>7r+7r_7r+7r01/7- 0.28

® Npgo,p.—p=+: parameter accounting for the yield of the B — D*~D}* mode. p {\?O_)D T e 9087 L 7,?04;1475 1 170

' . 0 *— >+
To ensure the stability of the fit some parameters are constrained or fixed: I ’ B™=D=Ds
values are 3 ;" 0.38 + 0.05 0.37 + 0.04

® [t rtnmino,: fraction of 77 — ntr~ntn%, signal events with respect to the °
7t — mtn~7wty, mode. This parameter is fixed taking into account the different fBO_*D *~DJ 0.51'+0.03  0.60 + 0.03
branching ratios and efficiencies of the two modes. f BO+sD*D X 0.83 = 0.06 0.48 &= 0.05

® fpo,pe—rty : fraction of B— D**~ 7%y, decays with respect to the B — D*~7Fv, fBQ—)D*—D;" (X) 0.17+0.03  0.10 = 0.02
signal. This parameter is fixed in the fit to the expected value determined from ] f BO_s Dx— D*+ 0.11 &= 0.02 0.02 £+ 0.03
simulation after correcting the branching fractions used in the generation. S|g nal events same *0 448 + 99 1039 &+ 592

BY%—D*~ DO(X)

' fBO—>D*—D;*1’7 fBospe-p#s fposspept x> fBospo-DF (x) and fBO—>D*—D;gf5 set of param- vz 0.39 £ 0.18 2.26 & 0.28
eters representing the fraction of the relevant decay mode of interest with respect to IOW' q2 - O 361 .|_O 07 4 (S't at) B D*~DO(X)
the B®— D*~D** decay. These parameters are constrained to the results of the fit ] ] - Npo_,p+-p+ (X) 1747 £ 118 1740 £ 182
described in Section 5 after correcting for efficiency. h| h 2 . O 01 3+ O O 8 1 NpBo_yps—matp—mtX 408 = 21 2190 £ 33

® NE%p--po(x): number of B°— D*~D°(X) events where the three pions in the final \ g q - - Np1-B2 197 216
state come from the same vertex. This parameter is Gaussian-constrained to the C— e N. fake DO 110 457
number of exclusive D° — K~ ntn~m" events recovered by the isolation tool after N

fake D* 133 533

correcting for the data-simulation differences.

e Npo,p+—rtr—ntx: number of prompt B — D* ntn~ 7t X events. The central value
is determined from the observed ratio between exclusive B — D*~ntn~nt and the
inclusive B — D*~ntn~n+ X decays, corrected for data-simulation differences.

The extracted F}", aQD(qz)

Table 4: Values of ag,(¢?), cg, (%) and FP" from the fit.

3 NBI_BE ; nurgb;r of C(;)_n}ll‘t;i(rilatorialIbackglround;}\(v}cllere th}f D~ 1and 'Eéle thr(cjae pio}rlls ) N Parameter q2 <7 GeV2/ ct q2 > 7 GGV2/ ct whole q2 range
come from different rons. Its value is fixed to the value observed in the > 2
wrong-sign sample satisfying the non-isolation and the higher B-mass requirements. and CHD(q ) Val Uues are @op (qz) 0.12 + 0.02 0.15 =+ 0.03 0.14 £ 0.03
S o MCo 0.13 + 0.05 0.01 =+ 0.02 0.07 + 0.06

® Niake D fake p*: number of com 1na.tor1a ackgroun events w ere a fake Fjl,) 051 + 0.07 0.35 + 0.08 0.43 + 0.06
or D* is reconstructed, respectively. Their value is fixed to the values obtained from
a fit to m(Kw) and m(Knm) — m(Km).
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N

Lattice FF's R(D™) P.(D™) Fr, - Fr ¢ AFrB.e
FNAL/MILC [15] 0.275(8) -0.529(7) 0.418(9) 0.450(19) 0.261(14)
HPQCD [16] 0.266(12) -0.543(18) 0.399(23) 0.435(42) 0.265(30)
JLQCD [17] 0.247(8) -0.509(11) 0.516(29) 0.220(21)
Average [15]-[17] 0.262(9) -0.525(7) 0.465(22) 0.251(13)
(PDG scale factor) (1.8) (1.3) (1.5) (1.2)
Combined [15]-[17] 0.259(5) -0.521(6) 0.473(14) 0.252(10)
Experimental value | 0.284(12)[36] | -0.38 +0.51102. [38] | 0.49(8) [39, 40] | 0.520(6) [13, 14] | 0.232(10) [13, 14]

g* <7 GeV?/c* g?>> 17 GeV?/c*

Lattice FFs low-g* bin high-¢* bin
FNAL/MILC [15] 0.486(15) 0.381(5)

HPQCD [16] 0.459(38) 0.367(14)

JLQCD [17] 0.534(25) 0.398(10)
Average [15]-[17] ';5(7)A 0.383(6)

(PDG scale factor)
Combined [15]-[17]

_ 14

0.498(12)
0.51(7)(3)

G.Martinelli,S.Simula,L.Vittorio

Experimental value [40]

[arxiv.2310.03680]
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