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The Standard Model of Particle Physics

leptons

Fermions - most observed matter

® Quarks: q, up-type= u,c, t,
dw-type=d,s, b
® | eptons: £ =e,u, Tand vy

photon
® Gluon: g

® Photon: y
® 7 boson: Z
® W bosons: W+

Higgs boson

Scalar boson - mass generation
® Higgs boson: H°

weak bosons
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The Flavour Sector of the Standard Model

Needed an explanation of the origin of CP violation in quark sector

The Cabibbo-Kobayashi-Maskawa matrix describes quark flavour transitions via W* and
the entering CP violation

|‘/ud‘ quS| “/111)‘671.7
Verkm =~ [Veal [Ves| [Vew|
[Viale™  —[Visle®s |V

Wolfenstein's parameterisation

1—1X° A AX(p—in)
Verxm = | =2+ 3A2N°[1 — 2(p=gh] — 1N I (14447 AN? +0(\%)
AXN[1 — Mg —A%+ JAN1 - 21— AP

® Unitarity relations arise from VCKMVCTKM = 1, orthogonally we get:
VaaVab" + VeaVer™ + VeaVen™ =0 VasVab™ + VesVer™ + VisVap™ =0
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Unitarity Triangles: the B system
VaaVab ™ + VeaVeb” + VeaVen™ =0
14+ ViaVab /VeaVer” + VeaVin /VeaVer ™ =0

a = (91.98175)° w/ B— pp/wm/pw

B = (22.427037)° w/B®— JAPKS —_—
v=(65.5713)° w/B— DK _ ?

All from [CKMFitter Spring 2021]

s0l. W08 2B < 0
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http://ckmfitter.in2p3.fr/www/results/plots_spring21/ckm_res_spring21.html

Unitarity Triangles: the B? system
Vusvub* + ‘/cs‘/cb* + ‘/ts‘/tb)k =0 ¢s = —2/35
1 + ‘/us‘/ub*/‘/cs‘/cb* + ‘/ts‘/tb*/‘/cs‘/cb* =0

68% CL rs
(Alog £ =1.15)

CMS 116.1 fb~!

= " pes(rad]
HFLAV : ¢s°“ = —0.050 £ 0.019 rad

. cos . --0.0006
LHCb : ¢ = —0.042 + 0.025 rad SM : ¢s™" = —0.0368¢ 0000 rad

Golden Modes: B? — JADKTK™ and B — Jabmt
Hopefully a measurement of ¢, with B — JApm") is possible with more statistics in the
ongoing data-taking of LHCb

Advantage 1: not requiring an angular analysis
e Advantage 2: penguin pollution can be controlled by B® — Jijm e



Conventional meson spectroscopy

Quark Model of Mesons

® Mesons are typically bound qq states Categories of Mesons

® Categorised by 7' multiplets e JPC¢ — 0~*: pseudoscalars « focus
e JPC — 0*+: scalars
e JPC —17~:vectors

C=(-)"* P=(-)* e JPC — 1+- 1t+: axial vectors
® (q relative angular momenta [ ® and J > 1 mesons
® ggnetspins=1+1=10

ll—s|<J<|l+s]

Y v K0 Ya oK) Ya
. I8 '
7" ® : 1 ) ) I+ )
01 1 I / \ I _ -1 —1 ) L (A *
A2 i 1 d i
H
SIS
isospin-1 pions isospin-% kaons isospin-0 etas
ot Kt K-, K% K° Ns, M1
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Conventional meson spectroscopy

Mass
24 (@p,) 1712, 3T19D,) 271°D,) .
. e (e [ pe, Categories of Mesons
07@3'sy) 17(3°s) K, (1980) K;'(1780) | | K;(1820) PC —+
HAB00) - 1.(1640) wy(1670) ® J©¢ =0~ ": pseudoscalars + focus
1,(1950) (1850) @
(1760) ,{1950) m,(1670) | | p(1700) e J = 0"": scalars
m(@100) K,(1850) | K (1770) || K(1680) PC
m,(1645) | | @(1650) ° — 1
sy | o) || 1) |5 J 1~ : vectors
07 @R M) 271Dy 11D, e jPC¢ — 1= 1%+: axial vectors
o l1020) | [a,(1260 ® and J > 1 mesons

- -
07@'S) 1TES) & icnam0) | Ko

=
[atiaty | o0 | 1 |H0z0 | o9 | =
K(460) | | Ke(atey | LE01528) || L4200 0| - .
n0299) | | 01420) |~ [ ia50] | (G738 | [K%) |K*)
| m(1440) 1| | dr1680) | 5 k(ag0) o
| 1,(1370) | 170) |7
© |1710) 7| | ny(1415) 5| —
0 1sy) 17 (1%, ® e
w p(770) i=1
K K(892) | i=1/2
mn o |
' dr1020) | T
0 1 2 3
Orbital excitation (-
ISOSPIH'I pions |SOSP||'I'§ kaons Isospin-0 etas

nt, KT, K, K%K M8, M1
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1-1’ meson mixing

The isoscalar pseudoscalars

1) = 72 (14 + [dd) — 2058)) ) =

- ) +1dd) +1s5)

1 —
%Uuu

Description of n (548) and 1’ (958) mass eigenstates in the quark-flavour basis
® |soscalars mix due to SU(3) symmetry breaking
|T]> _ Ccos HP —sin 0}9 |T]8> rotation m) _ cos pp —sin @Yp |T]q>
m’) sinfp  cosfp 1) m’ sinpp  cospp ns)
1
) = E

® ideal mixing is whenn is pure ss = ¢ ~ 90° (nearly true for vectors with ¢ as s3)
® pp = Op — arctanﬁ =0p — 54.7°

N—

(Jum) +[dd)) [ns) = [s8)
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Non-conventional meson spectroscopy

Multiquarks
® Tetraquarks are mesons with 4 valence quarks in a qgqg composition

® Seen: heavy with at least one ¢ quark (e.g.ccus, cécc, csud, etc.) [Nature Commun. 13
(2022) 1]
® Not seen of light tetraquark states (just u,d,s)

Hybrid mesons 5 G —
® Hybrid mesons can be considered as qq g
® Not always isospin-0 and can be charged
® Could have exotic J”¢ numbers (e.g. 1~ )

w
N,

I+
+

Mass [GeV]

o

® Meson of two or three valence gluons
® Always isospin-0 and neutral

® Can mix with isospin-0 qg mesons and have 1
impacts on the masses and decay rates of
these mesons 0

® Many contradictory results for candidates

o Scalar: one of f,(1500) or fo(1710) [Phys. Rev. D 73(2006)]
o Pseudoscalar: n(1405/1475) LQCD result: colour = J, z-axis = PC'
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https://inspirehep.net/literature/1915358
https://inspirehep.net/literature/1915358
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.73.014516

1n-1’ mixing in connection to gluonium

A way to explain the heaviness of (")

® Then and nn’ masses are higher than the 7 and K and higher than expected from just a qq
description, but why?

® An extended mixing scheme can be made where " mixes with a heavy pseudoscalar
made of valence gluons, a glueball (n¢), can provide an answer

® The physicaln and ' and n¢ states can be described in terms of qq and a gluonium state

lgg)
® 'l pp
® 1'-ne: va

In) = cos pp|ng) — sinpp|ns)
In') = cos pc (sin pp|ng) + cos pplns)) — sin velgg)
® We measured these angles in this mixing scheme
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Mixing angles predictions

Mass formulae
 From the diagonalisation <m8 mSl) ( cos fp ) = my ( cos fp )

mis mi *Sin ep 7Sin 09p
Am g —mg—3mny

2V2(mr—m)

® gives: pp = 43.0°, pp = 48.4°(m?)

e From its unitarity ms M1\ _ co§ Op sinfp mMn 0 cs)s Op —sinfp
mig M —sinflp cosOp 0 my sin 0p cosOp

= tan (pp — 54.7°) = Am g —mx —3mn

- Adm g —mag —Smn/

= tan (pp — 54.7°) =

e gives: pp = 30.2°, pp = 43.3°(m?)

Chiral Perturbation Theory
® ,p = (39.3 4 1.0)° [Gan, Kubis, Passemar and Tulin (2020)]

Lattice QCD
® ,p = (38.8 &+ 2.2(stat) &+ 2.4(xpr))° [Gan, Kubis, Passemar and Tulin (2020)]
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https://arxiv.org/abs/2007.00664
https://arxiv.org/abs/2007.00664

Mixing angle experimental status

KLOE
® Studied ¢ — yn and ¢ — yn’
® op =(39.7+0.7)° and p = (22 £ 3)° [Phys.Lett.B 648 (2007)]
® op = (41.4+1.3)° and o = (12 + 13)° determined by a refit to ¢ — yn") experimental
data [JHEP 05 (2007) 006]
BES-II
® Studied JAp — yn and J/Ab — yn’
® op = (38.8 4+ 1.2)° [Phys.Rev.D 73 (2006)]

® op = (44.6 +4.4)° and v = (32731)° in afit of JAb — VP experimental data by
[Eur.Phys.J.C 65 (2010) 467-473]

o In3angles: pp = (44.3 +4.2)°, . = (1.6754)° and o), = (33112)°
LHCb
® Moscow groups studied B{,, — JAjm") with 3fb™" of data
op = (43.5714)° and v = (0 % 24.6)° [JHEP 01 (2015) 024]
This thesis replaces these results with more statistics and refined analysis methods
® Future studies should include D(t> — tn) [CPV study submitted to JHEP] or
BY.,, — Dn®, for example
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https://arxiv.org/pdf/hep-ex/0612029.pdf
https://arxiv.org/abs/hep-ph/0703187v2
https://arxiv.org/pdf/hep-ex/0510066.pdf
https://inspirehep.net/literature/809996
https://arxiv.org/abs/1411.0943
http://arxiv.org/pdf/2204.12228

2. The LHCb experiment
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The Large Hadron Collider

2

LHC Fill 2651
ATLAS & CMS

LHCb

| | i i
! 5 10 20
Fill duration [h]

Instantaneous Luminosity [10% cm? s

ALICE
== Point 2

® proton-proton collisions at
7,8,13TeV from 2011 to 2018
(energy record recently broken)
® Four large experiments:

o General purpose: ATLAS and
CMS

o Heavy ion physics: ALICE

o Flavour physics: LHCb
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The LHCb experiment
yA‘ !/
S5m 7//// SPD]/El::SA

M
HCAL A
L

LHCb MC
s =14 Tev

4 6

rll

® Target: high precision heavy-flavour physics
® Tests of CKM paradigm (CP violation), electroweak

® bb and cc production

and QCD physics, searches of rare decays and ® Forward geom.: 25% bb pairs
hadron spectroscopy. produced in LHCb acceptance
e Also ion physics with fixed target or Pb-p/Pb-Pb ® ccis ~ 20 times bb

beam
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LHCDb detector performance

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

ity (1/fb)

~—

Recorded L
5
~

=

0 %010 2011 2012 2013 2014 2015 2016 2017 2018
Year

Two Runs (w/ third ongoing)
® Run-1: 2011 and 2012 at 7 and

Detector performance 8 TeV respectively - 3fb™"
® Tracking: Ap/p = 0.5 — 1.0%, O Runlzlz 2015-2018 at 13 TeV -
AIP = (15+29/pr[GeV]) um 6fb
e Calo: AE/Epcar = (1 +10/\/E[GeV])% L4 ?htﬁ:i:sed in analyses of this

® PID: uID ~ 97% and K*/x* ID > 80%
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LHCb Calorimeter

PS: the same design
SPD

ECAL - shashlik lead and scintillator layers 25X°
® HCAL - interleaved iron and scintillator layers 5.6\

Scintillating Pad Detector (SPD) and Pre-Shower
(PS) w/ 2.5X° lead converter in-between

® Energy measurement, PID and trigger

o ECAL & PS: e (W/SPD) &
o HCAL: K/t

|
|

L
2017-08-07  2017-08-22  2017-09-06

PMT gains calibrated w/ LEDs
Fine calibrations w/ ° mass

g 8 B

Candidates/(10 M

8

Mean= 135147 + 0.24
Ewidth = 8.54 £ 0.33

Pull
$&o~no 8

my v) (Mev/c?)
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3.mm' mixing in B, — J/pn"" decays
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Branching ratios

® The branching ratios of B] — JAm"") with q = s, d can be expressed as:

a a

64w

(1)
7y Mgy (@03 ‘2

B(Bg— Jm")

* _\ (2 _
VeV [F (B = Jba)|” |(aain®”)

Colour-suppressed Tree Penguin Penguin Exchange
0]
n ; -t
- J/ w6 J/
@ (’u&,dd,sE) /@ / @ 1
B
0 ‘ 0 ) )
By w I/ By W - S n
() (5, 5)
Exchange Penguin Annihilation |

Exchange |

a0 AL a4 19/68




Branching ratios

® The branching ratios of B — JAm) with q = s, d can be expressed as:

)
B MBg (@5 )3

B(BY— Jn) i
q 64w

* __\ (2 _
VeV [F (B = Jba)|” |(aain®)

AP > A AD, A,

Colour-suppressed Tree




Branching ratios (1)

® The branching ratios of B — JAm) with q = s, d can be expressed as:

(I
T80 Mpo (®0)?
A

2
BB~ Jn ) = [VeaVib ? [ F(B — Jba) [ | (aaln )|

641

Q) 2 2
° o) = [1 = (M, ) + Myy) /M;? J {1 - (M) — M) /Mgg )} are the phase-space

factors for P — VP
® gy is the lifetime of By

® My is the mass of BY
a
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Branching ratios (2)

® The branching ratios of B] — JAm"") with q = s, d can be expressed as:

\3
TBOMBO(®2 ) 12 2 _ 2
B(BG— Jam ) = ——4 [T | P (85— Jpad)|” | (aaln )|

® From b— ccq transitions
o [V 2~ At~ 0.2%
o |V4l? ~ A% ~ 4% for B® mode
o |Ves|? ~ 100% for B mode

e — CKM/Cabibbo suppression of B mode
® Partially mitigated as B° has four times the production rate of B in LHCb

Jly
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Branching ratios (3)

® The branching ratios of B — JAm) with q = s, d can be expressed as:

(\3
7o Mpo (CI)T] ) N 2 2
BB Jn®) = == VeV Rl | ()|

® The form factors for B] — JAbqq
® Assuming SU(3) . symmetry: F(BJ— JApdd) = F(B? — JApss)
® A test of this is shown later
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Branching ratios (4)
® The branching ratios of B — JAm"") with q = s, d can be expressed as:
0
TBgMBg(‘I’E )3
64

2

B(By— Jan") =

VeaVeb | P(BS = Jbaa)|* JCETRE

® The projections of [n(")) states to dd or s§

® (dd[n) = cospr/V2

® (ddn) = cos g sinpp/v/2

® (ssn) = —sinpp
(

® (ss\n’) = cos v cos pp
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Ways to measure n-n’ mixing: R,

® A way to measure pp is to measure Ry

B(B®— Jpm")

B(B2— JApn)

® Assuming SU(3) . symmetry F'(B® — JAbdd) = F(B? — JAbss) and tan® 0. = |V.q/Vie|?

R, =

TBO MpBo

TBO TRO

TRO 1Mo

TBO RO

® Although this is not sensitive to ¢
® |f SU(3), symmetry is broken then R, and R.,» will produce different ¢ »
® op = (46.3 £ 2.3)° LHCb Run-1 value [JHEP 01 (2015) 024]
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https://doi.org/10.1007/JHEP01(2015)024

Ways to measure n-n’ mixing: R

® A way to measure both o p and ¢ is to measure Rg s

— T
=

Ry = BB Ipn) BB I e E
B(B?— JApn) B(B{ — JAbm) 70 E
) PR ]
40
30 —z
20 _E
1of ORORy 3
, I;IB'HE.IR.S A J
0 20 40 60

PDG 2020 Branching Ratios

R
® Note %d =5
s ul

® LHCbRun-T: ¢ = (43.573%)°, wo = (0 & 24.6)° [JHEP 01 (2015) 024]
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https://doi.org/10.1007/JHEP01(2015)024

Analysis strategy: n-n’ mixing with BY, — J/ym"

e Fourn" final states are used to measure both the absolute /3 and n-n’ mixing of
B () = JAm" with JAp — ptp~

Channel B/% Channel B/%
n— Ty 4.22 +0.08 N =Ty 295 £04
n— 22.92 +0.28 n' = atn 42.5 +£0.5
where 1° — yy  98.823 4 0.034 where n — vy 39.41 £0.20

e Using pp collision data (Run-1and 2) = [ £ =9fb " at 7,8, 13 TeV.

R MC
BBG— Jn®) _ Vogoum® Engogune (fs>_1

R (,) p— p—
n B(B2— JAm®) N};gﬂ/wn(,) egfsgj/w,) fa

£

s MC
n BB I Neg e B e B mtrv(y)
d,S = = S —_
BB = JAbm) — Njo Lyun  Enl gy B0 TYR)

® f./fs(13TeV) = 0.2539 + 0.0079 [Phys. Rev. D 104, 032005 ]
® All measurements are made twice:

o with one or two photons in the final state
o averages are then made from each set of results
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https://doi.org/10.1103/PhysRevD.104.032005

Analysis strategy: 3 with B, — J/ym")

e Fourn® final states are used to measure both the absolute 3 and n-n’ mixing of
B’ ()= JAm") with JAb — pt -

Channel B/% Channel B/%
n— Ty 4.22 +0.08 N =ty 295 £04
n— 22.92 +0.28 n'—mata 42.5 +£0.5
where ¥ — yy  98.823 4 0.034 where n — vy 39.41 £0.20

e Using pp collision data (Run-1and 2) = [ £ =9fb~ " at 7,8, 13 TeV.

S
Moo gm0 emlypen BB Ifipe’) X(fs>‘1

Ng B — mtry(y)) fa

0
B(B% ()= JAm®) = e
BO—J/pp0 BO (= J/bn ()

fs/fa(13TeV) = 0.2539 £ 0.0079 [Phys. Rev. D 104, 032005]
All measurements are made twice:

o with one or two photons in the final state
o averages are then made from each set of results

¢ Normalisation: B(B" — JApp°[m ™)) = (2.557518) x 107° [PDG 2022]
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https://doi.org/10.1103/PhysRevD.104.032005

Simulation I Collision

Preselections

MC
MC Ntuples —> Reweighting « Data Ntuples

|

Boosted Decision
I Trees

(Selections)

MC Mass Fit —Model Parameters

Data Mass fit

|

—> BR+ Mixing =— Data Yield

Efficiency
Corrections



Event selections & MC corrections

Selection strategy

) Correcting MC efficiencies
Preselections

® Trigger efficiencies

® Mass windows and vetoes
) ) ® Gradient Boosted Reweighting (GBR)
® Trigger requirements S T
® Boosted Decision Trees .
. ® Photon reconstruction
® Neural network based PID variables
Run-2 plots of B‘()S) — JAn [Tt y] presel. — full selections
%‘5000 r T T ’%‘ T T
= ¢ [] partia sectons = %
ﬁfow :_% Full selections ﬁ
Sk R
i 5
2000 E— 100
1000 — 50
5200 5400 e 8200 5400

5800 5800
m(Jyrmy)/MeV m(Jyrmy)/MeV

gMC’ — gyen.

trigger .BDT _PI1D

presel
8 8 30/68
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Multivariate Analysis for event selection

Boosted Decision Trees
® Creating a powerful signal-background discriminator
® Signal: Monte Carlo samples
® Background: JAb mass side-bands

® using 14 or 15 inputs chosen for signal-background
differences in:

kinematics

vertex

event kinematics

—2.5

0.0
log(J/ ¢ 1P)

Pof b asyp. = Zhrari
MC acc. _presel _trigger
gt = gace.gpreseltrgg

"8

gy
8

g5 8

-

Backgr rgection (1-eff)
o o o ¢

W n|
) B~ Ju nle’y]
[ Bs—~ Jy nfom]
! .

BDT _PID

£

0.2 04 06 08

g



BDT cut 2D optimisation (with n) mass window)

Pseudoexperiments - FOM: B° significance

1.
2.
&,
4.
54

Fit MC distributions ho(ms)

Combine model into one pdf f,(ms) with estimate yields from B® — JApp°
Compute significance (S/v/S + B)

Generate new MC distributions from model: h;(mg)

Repeat 1 — 4 for 10° "toys"”

Plotting means of the significance values for each set of cuts (BDT,Am(n"))

A RooPlot of "mass (MeV/&)"

Projection of model.

o
1=
@

T T T T[T T [ T T [ TTT T TTTT

253
g
Sr

PRI A Lo b Lo [T
5100 5200 5300 5400 5500 5600 5700 5800

mass (MeV/c?)




Single photon mass fits: B?S) — J/Abn Run-1+2

n—ntnTy XY
g LIHCb Preliminary
2 oA ; e Kinematic fit (DTF): PV, m(JAb), m(n)
g TS ® Fit with 7 params:
SN Y A N B - Jy(n - Ty, . .
i R ® Signal and background PDF sharing
b E energy calibration, Am = 0.6 + 0.5 MeV,
8 3 and detector resolution factor, 4
P o ] e = 1.045 £ 0.039 ‘
3 ® po=(—3.324+0.15) x 1073,
Eﬂ»,m‘;wh"m ;m‘;’*h*ﬂil i d*gﬂ'k"’ i ik *,“llﬁ NE,b = (2.79 £ 0.10 x 10%)
00 o Nataza0 _ 904 +0.006 | ¢
m(J/wx") [MeV/cZ] Ns - :
e N(B%) =162+ 36
® N(B?) = 1938 £ 60
s s b b NS N Nb
f(Am7r<77p07NBngBOvNcombanﬁnJrn*ﬂO) = Ntotho(Am TU) Nto ffBO(Am TU)+ Ntotfpomb(po)
N0
+ Lﬂfn—)ﬂ+ﬂ77{0 (Amv TU) 33/68
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Single photon mass fits: B )= J/Abn’ Run-1+2

n'— %y
g ig 3 i Uheb Preliminary 3
g 1600F Data 1
—— Model
% ggg: ------- Combinatorics :
gm 2 B A ® Kinematic fit (DTF): PV, m(JAp), m(n’)
g oF 3 ® Fit with 6 params:
g a0 3 ® Am =0.354+0.16 MeV, 7, = 1.074£0.017

po = (—3.25 £ 0.06) x 1073,
NE,,.p = (1.282 4 0.014 x 10%)

5600 5500
mIPX® [Mev/c]

® N(B% =515+56

® N(B?) = 7764 + 107

No N°®
(A’ITL r0’7p07NB0>NB07Nb) fBO(Am7T0’) + Ntot fBO(Am TU) Wffomb(po)

Ntat
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Two photon mass fits: B?S) — J/Abn Run-1+2

n— ntn nfyy]

:

—
LHCb Preliminary
Data

——— Model

«sesuee Combinatorics 1

------- B~ Jy(n - )

....... B - Jy(n - wnn®) 3

Kinematic fit (DTF): PV, m(JAb), m(n),
m(n°)
® Fit with 6 params:
" E ® Am =0.3+0.5MeV,r, =1.162 £+ 0.026
- =9
| S R T po = (—3.61 £0.28) x 107°,
8 F}‘m|Mﬂl,d}ﬁ‘¥m}{émyﬂ*‘|l?;fﬂmjf‘{‘ﬂlﬂﬁlﬂ;{y}d‘uiumluum Nlymy = 498 % 31
-4 I 1 1

5200 5400

Candidates/(7.000 MeV/c?)
N
g
T

2 sl

5600 5800
mIYX°) [Mev/c]
e N(B%) =278+23

® N(BY) = 2695+ 55

s s NEO s N s Nb
f(Am, TU,pOaNBS’NBova) = NTOSthg(Ama Te) + N?oot feo(Am, o) + Wffomb(PO)
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Two photon mass fits: B?S) — JAbn' Run-1+2

N =t nlyy]

g 350 F i [;LHCtI)Preilmina'ly ) -
S aof —vow 3
TR e
% fc Y B R —— & w0 o
7 ® Kinematic fit (DTF): PV, m(JAb), m(n’)
B
é 1052 ® Fit with 6 params:
o ® Am=-0.4+0.5MeV,r, =1.151 £ 0.031
o ® po = (—1.66 £ 0.19) x 1077,
Z 3E N&,,., =752 + 36
0
S
-al

5600 5800
mIYX°) [Mev/c]

e N(B%) =172+20
® N(BY) = 2305 + 52

s s NEO s N s Nb
f(Am, TU,pOaNBS’NBova) = NTOSthg(Ama Te) + N?oot feo(Am, o) + Wffomb(PO)
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Normalisation Mode Fit: B — JAbp° Run-1+2

g‘m’ " LiCondimnay | 3
D 5000 Data E
s —— Model
ISR o E ® Kinematic fi PVm
8 aom0 i Ki tic fit (DTF): PV, m(JAp
%m B i ® Fit with 7 params:
2 00 ® Am = —3.83+0.06 MeV,
8 ro = 1.070  0.007
® po=(—3.4940.24) x 1073,
5 b N2 o = (8.99 £ 0.28 x 10°)
2
oF ® Npo, =(9.39£0.31) x 10°
-4t

= 5500 o More than as signal! - shows cost of
mIWX°) [Mev/cZ] reconstructing a photon

® N(B?) = 5498 + 90
e N(B%) = (2.788 4+ 0.021) x 10*

S

s s Bg s N
f(Ama T07p07NBgaNBOaNfombaNTl])’apo'y) = WfBg(Amara) Ntot fBO(Am 7'0) + Ntot fcomb(po)

N,
n'—=p%y b
ot Jampoy (A, 7o)



Normalisation Mode Fit: B — JAbp° Run-1+2

12(1270) pdf
1ho(1450) pdf
1ho(1700) paf

Projection of model

2
m(reTe)/(GeV/c?)

? Mt e 5i0® Oep o sin® O

Corrections to BY — JApp® yield were
needed

There are several resonances in the
m(rt ™) mass range

Using the 4D resonance model of a
previous LHCb analysis which measured
B (B — JAbp®) [Phys.Rev.D 90 (2014)]
Integrated the projection of m (™) in
our range of [600, 900] MeV

= (87.0 & 4.3)% of B is from JApp°

as a check: full integration reproduces
quoted fit fractions

(m2 —m? )2 +m2T2

(14po1 cos x+pv2 cos 2x)

=
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https://inspirehep.net/literature/1291939

Gradient Boosted Reweighting
® A reweighting procedure using Boosted Decision Trees [Rogozhnikov (2016)]
® Data-driven corrections of MC for BDT training and ¢

e Using sWeighted JADK "7t~ (for high stats and high purity) data compared to MC to train
the reweighter

T
0.006 [ ] 06k ]

0.004 ] 041 E
] real data
vs.
6 8 10 MC

. ™" before
MG = (58.73 £ 0.10)%
Jeddte = (66.04 £ 0.13)%

0.002 - b

0.000

0.4

021 B
0.2

0.0 1 0.0

&.MC’ _ gacc.EpreselgtrzggergBDTgP[D
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https://doi.org/10.1088/1742-6596/762/1/012036

Gradient Boosted Reweighting
® A reweighting procedure using Boosted Decision Trees [Rogozhnikov (2016)]
® Data-driven corrections of MC for BDT training and ¢

e Using sWeighted JADK "7t~ (for high stats and high purity) data compared to MC to train
the reweighter

T T T T T TosF T T ]
0.004 ] 1 Lt ]
04F ]
0002 1.t 3 ] real data
’ vs.
000055550 s00 750 0 6 8 10 MC
o : = after

MG = (61.11£0.10)%
] et = (66.04 +0.13)%

0.4

0.2+ B
0.2

0.0 1 0.0

&.MC’ _ gacc.EpreselgtrzggergBDTgP[D

40/68
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Trigger efficiency corrections

108

Jos 106 1Bt = xa Kt MC
VS.
1B* = JWK* MC

before

104 104

102 102

10.0 0.0

250 500 750
nSPDHits min log(pl) max log(py)

10

Bt — JAK™ offers excellent mode for studying efficiencies
The muon triggers used were LOMuon and LODiMuon
o Hardware trigger requirements with high pf. and nSPDhits
Weights from p!. and nSPDhits are determined with MC BT — JAPK™ vs. other modes

and then applied to real data

efete VS, eft er fOT COrrections were ~ (100 £ 0.3)%

tm’ggergBDTEPID

MC acc. _presel

€ =& ¢ €
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Trigger efficiency corrections

f 0.6 ]
] 06 B* = xa K™ MC
VS.

1B+ JWK* MC

after

104 0.4

102 02

100 0.0

250 500 750 10

nSPDHits min log(p}) max log(p})

Bt — JAK™ offers excellent mode for studying efficiencies
The muon triggers used were LOMuon and LODiMuon
° Hardware trigger requirements with high p!. and nSPDhits
Weights from p!. and nSPDhits are determined with MC BT — JAPK™ vs. other modes

and then applied to real data

o sfﬁf;ger VvS. smgger for corrections were ~ (100 £ 0.3)%

tmggerEBDTEP]D

MC acc. _presel

€ =& ¢ €
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Selection efficiencies: o L-weighted average

single photon efficiencies/% CR
B — Jpn® B — Jpn®
Year n— ntny n’ = p%y n— atny n' = p%y
Acceptance 11.59 £ 0.17 15.442 + 0.09 15.63 £ 0.28 15.93 £ 0.29
Reco. and presel. 3.724 + 0.016 2.116 4+ 0.009 2.514 £ 0.016 1.887 £+ 0.014
Trigger requirements  85.24 4+ 0.40 85.59 + 0.37 83.9+0.6 84.5£0.7
BDT selection 89.88 + 0.45 84.41 + 0.40 88.6 £ 0.6 83.5+0.7
PID selection 95.32 + 0.08 94.69 + 0.08 94.85 + 0.07 94.05 + 0.07
Total 0.3110 4+ 0.0016 0.2203 4 0.0011 0.2769 4+ 0.0020 0.1997 £+ 0.0017

two photon efficiencies/%

BY — J/pn® B = Jpn®
Year n— ntnx® n' = p%y n— atny n' = p%y
Acceptance 13.37 £ 0.08 10.34 £ 0.14 15.52 £ 0.04 14.68 £ 0.27 '
Reco. and presel. 1.281 £+ 0.009 2218 22 O01S 0.960 + 0.007 1.388 £ 0.012
Trigger requirements  86.3 4 0.6 87.2+£0.5 85.4 £ 0.7 86.8 = 0.8 A
BDT selection 72.0 £ 0.6 71.5 £ 0.5 69.7 £ 0.6 69.2 + 0.8
PID selection 95.32 + 0.06 96.18 + 0.11 95.266 + 0.035 95.94 + 0.09
Total 0.0912 4+ 0.0008 0.1339 £+ 0.0010 0.0845 4+ 0.0008 0.1176 £+ 0.0013 ’
MC acc. _presel _trigger _.BDT _PID

€ =& ¢ € € 9
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Systematic uncertainties

Channel RY/% RY/% RY /% RIY/%
Signal pdf 1.1 0.8 4.3 L7 4w ; —
Bkg pdf 1.0 1.7 6.5 20 3 . D
Bkg composition 7.4 1.3 4.6 13 g T Combinaorics

I =0 < B - Jp(n - TTy)
PID cal 0.4 0.6 0.1 0.1  $af| f] B - - )
Mass cut 26 28 9.2 30 §w S o
Trigger eff 0.2 0.2 0.2 02 3@ ___‘
BDT eff 0.8 0.9 0.1 0.7 i1 st
Total 8.0 3.8 Averiéf 43 ¢ SR 0 o
Channel Ry Rs - - 0 B0 IO M)
Total 6.8 2.8 - -

Background composition

® |mperfect background model at low mass as assumption that part. reco. backgrounds
are accounted for in combinatoric pdf

® Tested by altering the mass fit boundaries and seeing the effect on the signal yield
® Uncertainty = RMS error on +25 MeV and nominal

44/68



n-n’ mixing angles: o and ¢

R B(B°— JAm") R = B(B{,,) — Jbn')
" BB Jm() 7 B(BY, ~ Jbn)
] S B B B
g0

Raq = 0.77 + 0.10 (stat) + 0.05 (syst) + 0.01(B)

R = 0.990 + 0.023 (stat) = 0.028 (syst) + 0.014(B)

Ry = 0.0291 =+ 0.0023 (stat) + 0.0016 (syst) + 0.0006(%)

R,y = 0.0213 £ 0.0017 (stat) = 0.0010 (syst) + 040005(%) wf DR TR,
d

® Mixing results used complementary channels with same number of photons

® Fraction to determine absolute branching ratios are more complicated %




Comparison with Run-1: n-11’ mixing

Run-1 [JHEP 01 (2015) 024] Run-1+2
R e e e A =% T T T T
Ea 3 g0 3
70! _ 70 —
60 B 60 -
500201 s sof E
40 4 RIRSSEES
2 3 Y 3
2 3 2 3
1of ORORy E wof ORORy 3
HRER | .DBWDRS 1 LN
0 20 40 60 80 0 20 40 80
.7 @, [7]
op = (43.5753)° op = (43.24£1.1)°
g = (0£24.6)° oo = (208 £5.3)°

® »p are completely compatible with only a small improvement

® greatest improvement from R4 — ¢ is now ~ 40 away from 0
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https://doi.org/10.1007/JHEP01(2015)024

R, as a test of SU(3), symmetry breaking

What if we don’t assume SU(3) . symmetry

L F(BO —> J/l])da) #* F(Bg — J/pss)
’ 8
ol > tan? 0. 2
X X tan” pp X

TRO MRBO
Ry = BLTBY | Zd
" 7o mpo ((I)E 2
3 2 (RO
Tgo mpo [P tan® 6, F(B”— JAbc
— BB [ Zd t i St s i’
Top Tiag (q)? 5 X Cot” pp X
e and cancelling the tan® pp
= N\ 3/4
F(B°— JAbdd) PPN y V2 X (R Ry )/
@3@3’ tan 0.

F(B2— JApss)
= (94.3 + 2.3 (stat) + 1.5 (syst) £ 0.6(f./fa))%

® Found asymmetry ~ 20 from 1 with these channels
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4. Photon reconstruction efficiencies




Photon correction factors

® Normalising decay modes with photons in the final state to those without =-need ¢
corrections
edata(,y) _ R—(;,OH % EMC('Y)

To be applied in

S
Noogoam®  6Comer  B(B°— Jibe") <f>‘

BB — Jam") = —
" Ngo_, g p0 Eg{%—wwn(/) X Ry BMO — oy (y)) \ fa

Can be done using B* — JApK™ vs. Bt — xa K+ where xc1 — JAby
At LHCb, comparing decays year-by-year

s data
Np+_,x X eptlx X B+ x

s Edata B
B+ JApK+ B+—JApK+ B+ —JApK+
= Ns = Edata x B x B
B+ (J/by)y oy KT Bt —xc1 Kt Xe1—J/by

Bt (JAby)x oy KT

Decays have the same tracks so only v related effects remain in data<+MC

s MC
REOT NB+—>(J/‘1’V)><61K+ « €B+—>J/I1)K+ « BB+—>J/¢K+
Y s MC
NB+—>J/\1)K+ €B+~>(J/L])y)XC1K+ B+ Ly k+ X By ywy
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Neutral pion correction factors

® Normalising decay modes with photons in the final state to those without =-need
corrections
8data(7_t0) _ R:r(())rr % {;‘MC(TCO)

To be applied in

N2 , MC =)
BB ()= Jppm ) = oo e B Jbe?) <L>

Nio_, 3pp0 Eé{’iﬁﬂwn(’) X R0 BMY— mtmn=y(y)) \ fa

Can be done using Bt — JAK™ vs. Bt — JAK* where K*T — K*n°[yy]
At LHCb, comparing decays year-by-year

s data
Np+,x X e+l x X Bproyx

s data
N+ Spppx+ EB+ K+ Bg+ S ypprct
:>NS :Edata XB + X Brst +0 X B.o
B+ Jp(K+m0) p B+ Jp(K+70) p Bt —JpK* K*+ 5K+ T—yy

Decays have the same tracks so only ¥ related effects remain in data<+MC

Ny, MC B
cor BT =JETA0) oy x Bt —JApK+ % B+ — JpK+
o = s MC
NB+~>J/¢K+ €B+A)J/|1,(K+7TO)K*+ BB+*)J/11,K*+ X Bygst g+n0 X BWO—H'Y
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Corrections to the random photon background

Candidates/(1 MeV/c?)

The solution

180
160

The problem
® Signal tracks +y from the underlying event make a
background peaking directly underneath the B*
mass
e Then) resonances were narrow enough to
minimise this, x.; and K** were not
wl ® Need to control the efficiency of this background as
) v MC does not perfectly model the occupancy of

Pt )
= =0 DTF mﬁ?w Mevis” photons

120

883838

-2
5200

g

E

® To study this type of background, B* — JADK™ ++
from the underlying event is used

m(JYK*y)/MeV
g

® The correction is

N*(BT— JWKT +v) eM9BT— JPKT)

By= @ JWKT)  eMCO(B+ = JADKT +v)

® Data-MC corrections are determined in fits of
BY = JWK': K, ~ (80 +0.3)%

5200 5400
MIYK*)YMeV
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BDT optimisation: photon pr alignment

* Same strategy and variables used as for B{,) — JAm"

® We expect kinematic dependence on the ¢ corrections
® Best alignment (via x? test) of pY. would fine-tune these corrections for use in

BY,) — Jbn®

e Note: poor agreement for n— vy and ° — vy - better w/ single photons

Bt — JAK*T Bf = xaK*
X2 vs BDT cut X2 vs BDT cut
= 5 * —hony
sL ST Yy, 180 ' (° P
... I E +nla(e foﬂ)v
r .. -1 -yy) 160 —— ' TN - VY,
- 140
120
3 ¢
L
80
2 ' E
M 60—
S S WL, ot
E wEt e, T *
| I A E | it | L |
0.05 0.1 0.15 0.2 5 0.05 01 015 02

0.2 0.25
BDT cut BDT cut

® |deally a dedicated analysis of n — vy efficiencies would be complementary (e.g. with

BT — P(25)K™ where 1 (25) — nJAb) 52/68




Single photon mass fit: B — JApK™ 2018 data

B —
B LHCb Preliminary

© 60000 - =
s Data

%ﬂm’ 3 —— Model E

® Kinematic fit (DTF): PV, m(J/Ab)
Fit with 5 params:

Am = 0.525 %+ 0.009 MeV,
o = 1.0921 £ 0.0024

® po = (—3.4+1.0) x 1077,
N . = (6.5+£1.2 x10%)
n n n I 1 n n n I 1 n L
%o 5300 5400 5500
DTF my, - (MeV/c?)
® N(B") = 771941 + 1506
b N® N
S S
f(Am7 To,P0, N 7N ) = Ntot f (Am7 7"0’) + Ntot fcomb(po)
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Single photon mass fit: B™ — x.; K™ 2018 data

® Kinematic fit (DTF): PV, m(JAb), m(xe1)
T NI T ® Fit with 8 params:

g 5000 |- LHCb Preliminary -
2 ® Am = 0.371 4 0.005 MeV,
8 re = 1.135 + 0.008
7 ® po=(—7.0£0.8) x 1075,
£ 2000 NE,,.0 = (1.27 £0.10 x 10%)
o
8 100 o Y _ 0.0953 +0.0010
=0 L L r ® Ny i+ =411£99,
1 1 1 b _ 3
K ";I,ﬁif'l'}';';“l‘{'s"m‘i 4 |4m'1' i NYgwo = (3.440.9) x 10
-4 1 I
5200 5250 5300 DTF rsnisfyw (Mev/%w 6dam ('Y) _ N1§+—>XC1 K+ B(B+ — J/lI)K+)
Ny BB = xaK¥)

e N(B')=234728 + 186 .
(B) ed“m(y) ™ (28.2 + 0.2 (stat) + 1.6(B))%

s N
f(Ama To,Po, N7, Nfomba N£C2K+a N?/\bK*Ov va) Ntot f (Am 7‘,_—,—) + Ntot fcomb (pO)
Ny K+ N§¢K*O
+7J>§;fot f£c2x+ (Am, 7o) + 7]<[tot f?/tl)K*o(Am7 o) + Ntot fy(Am o) 54/68




7° mode mass fit: Bt — JApK™ 2018 data

Candidates/(3 MeV/c?)

Pull

x10°
F — ¢ T T T T T T T T 3
LHCb Preliminary

80 « Data .

—— Modd
60 4 e Combinatorics ]

....... B JpK ® Kinematic fit (DTF): PV, m(JAb)
“r 1 ® Fit with 5 params:
2r ] ® Am = 0.544 + 0.009 MeV,

8 h . re = 1.0929 £+ 0.0016
T ; ® po = (—3.18£0.24) x 1077,

_f‘\u"ﬁ""\'"’”"“ M “"‘*"‘""“”“" N?,» = (1418 + 0.044 x 10%)
—10

5200

DTF My (Mevlcz)

e N(BT) = (1.1107 + 0.0011) x 10°

s N’
f(Am,ro,po, N°,N") = f (Am, 1) + Wffomb(po)

Ntot
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7° mode mass fit: BT — JApK* 2018 data

Bt — JYK*+

B s e
LHCb Preliminary

Kinematic fit (DTF): PV, m(JAp),

Fit with 8 params

m(n®

)

§ 4000 _* Dae E e Am = —2.00 & 0.29 MeV,

5 & — Combinetorics re = 1.192 £ 0.015
§3000- ------- B - Jy (K** - K* 1 _3
& 2500F ! B LA, K ® po = (—3.30£0.15) x 1077,
Saf T v msmad Nb,, = (1.34%0. 12 x 10%)
1500 I>
1000, o 2¥ —0.398+0.029, 722 = 0.18370.0043
500
- o NJN,KI =(2.740.7) x 10®
SN ECH RS ooy = Nirawies BB UK
BrE my, e (Mevich Niis o+ B(Bt — JApK*t)
4.53 + 0.09 (stat) + 0.27(B))%
o N(B*) = 31049 + 452 (30D lery) == DA%
N° N®
s b b b b s b
f(Am, To,P0, N 7Ncomb7NJ/1J)K17 N‘yvNy‘y) = Wf (Am, TU) + chomb(po)

b

Ny N Ny,
/WK fj’/le (Am,rs) + Aot fY(Am ro) + ot fYy(Am ro)

+ Ntot
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7° mode mass fit: Non-resonant K7’ correction w/ B® — JApK*0

m(JAWKT7) for m(K+r) m(JKT7™) for m(K+tn™)
m(KTr™) > 1100 MeV in K** mass range

T T
+ Data
—— model
< backgrounds ]
K® LK1

+ Daa

— Mol

e+ Combinatorics
By K
B~y (kK ]

8 a0f

Candidates/(1.3333 MeV/c?)
g8 BEE

Zﬂﬁ’{‘?ﬁwﬁﬁﬂwﬁk@i“a‘ﬁ,ﬂ!&“‘a’w i“"i‘#ﬂ"lﬂ}‘%

1000

B e ]
AN b
L i B L

800 5300

Abonao

Tio0
M MeVic? -1,

5500 5500
DTF my, . (Mevich) DTF my, . (MeV/c:

® Assuming isospin symmetry the non-resonant component to K** equals that of K*°

® Fit 1: the B — JAPK*® mass in the high K™ 7t~ region is used to find number of
non-resonant K7t~

e Fit 2: the Kt~ mass is used to extrapolate the amount within the signal region of K™ n"
in B — JAK*+ (N™)

e Fit 3: of B’ - JAPK* in the signal region to determine the yield of non-resonant +
resonant (N*)

® Correction to signal yield

nr

N
Rur = e =) = (73.32 + 0.38)%(2018)
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single photon

Selection efficiencies: 2018

pLel
Bt— (J/by)xq KT

MC MC
Year R <A A
Acceptance 17.346 £+ 0.033 10.672 £+ 0.025 61.52 + 0.18
Reco. and presel. 23.438 £+ 0.015 10.654 4+ 0.024 45.45 +0.11
Trigger requirements  82.37 + 0.06 86.07 £+ 0.21 104.50 + 0.26
BDT selection 62.19 + 0.06 59.23 + 0.19 95.24 + 0.31
PID selection 85.32 + 0.05 88.00 + 0.05 103.15 4+ 0.09
Total 1.7770 £0.0020  0.5101 % 0.0016 [ 25.71 + 0.10 RGO

neutral pion

MCT
BF—J/0 (K n0) oy /%

VGEY 6]];/[+C‘~>J/¢K+ /% EQ/I+C‘~>J/\.D(K+7IO)K*+ /% -MCT
Bt J/ WKt
Acceptance 17.346 + 0.033 7.278 +0.019 41.96 + 0.13
Reco. and presel. 23.438 £ 0.015 3.007 £ 0.012 12.83 £ 0.05
Trigger requirements ~ 82.37 4 0.06 83.95 + 0.37 101.9 £ 0.5
BDT selection 84.74 + 0.07 82.53 + 0.40 97.4+0.5
PID selection 86.36 + 0.05 93.085 + 0.043 107.79 4+ 0.08
Total 2.4507 £ 0.0025  0.1411 + 0.0007 | 5.759 + 0.020 |EEEICON
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Systematic uncertainties

Year Unc.on Ry/% Unc.onR.0/% T ' ' E
Signal pdf 0.3 2.7 s wf ]
Bkg pdf 0.2 0.3 g wf E
PID cal 1.0 0.9 g o ]
Fitbounds 0.6 0.3 3

Masscut 0.3 1.6 “F 2 E
Triggereff 0.3 0.3 < fF . : .
BDT eff 2.9 1.5 O b T B 5l 5 5 0,
Total 3.2 3.6 B I - ]

Mass windows

50
DTF m,, (MeV/c?)

® xo1— JAby and K*T — K7°: had 430 mass windows so looked at the variation of

N*®/eM€ for 2.5, 3,3.50
e 7° — yy: had a =60 mass window so looked at two tighter cuts of £2.5, 3¢
e Uncertainty = RMS error of the three N* /"¢ ratios for each selection
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Reconstruction efficiencies

v efficiencies ¥ efficiencies
0.3 pr—r—r — — - 0.06 - T -
goasf T sousicaooronana L ; '§.osa; T sastcal s on daa |
Ig E T ot uncertainy E 5_056: T totaluncertainy 3 ]
ED.3Z; T statsical enor onme ; m0054 F T statistical error on Mc E
oaf . E
E E Eoi E
03f ] 0.05F =
029 0048f ]
F E 0.046 - ]
0.28F = E E
3 E 0.044 F =
027F = oos2f 1
026t 12 14 16 18 - T T T T T T T s
Year Year
® Run-1and Run-2 gap driven by data ® Flat efficiencies in data
® Flat efficiencies in MC ® Fluctuations in Run-1 driven by MC
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Correction factors

Y corrections m° corrections
,%: 12— ——T - 5 I ! -
= [ I statistical error ] n:: F I statistical error ]
S115F T total uncertainty 7 Soosf ¥ total uncertainty 7
8 f ] 8t 1
8 11} . 3 osf 1
g : g r ]
5 F ] g [ ]
‘SL0sf . D085k ]
ot ] o [ ]
f : :
0,95} 075} f
T o7 12 14 16 18
Year Year
® Run-1and Run-2 gap driven by data ® Flat efficiencies in data
® Flat efficiencies in MC ® Fluctuations in Run-1 driven by MC
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5. Absolute branching ratios of By, — JAapn"”
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Relative: 53 (B, — JAn")/B (B” — JAbp°)

S MC -
0 "y _ NBO(S>—>J/¢n<’> EBO JAp O B(B° — Jbp) fs 1
B(B (s)_> J/ll)ﬂ ) - s X MC X Q) I
NBOHJ/\J)QO EBO(S)—>J/IJ)T1(’) X Ry/ﬂo B(T] — TTTC Y(Y)) fd

® There are two measurements per branching ratio
i i - MC MC
o for [§f] with corrected efficiency: Enimt ey X Ryande € o x Ry

o for [§] with corrected efficiency: Enl\{SﬁrnfﬁO X R0 and Efﬁfnw—n x R2

B°orBY  Channel B(BY,, — JAm")/B(B° — Jpp°)

® Tension between y and yy modes at < 1.50
® Format open to updates in the normalisation branching



Absolute 5 (B, — J/bn")

Averaging using PDG method
® Calculating averages between single and two-photon channels
® Uses error-weighting

> wis
ST wi

® where w; = 1/07 and each measurement is x; + o;

B
7w

T =

Oz = )

n”_ B(B{— Jn®) x 10*

n 4.61 + 0.09 (stat) & 0.15 (syst) + 0.05(B) + 0.21(R,)T
1 3.25 4 0.05 (stat) £ 0.08 (syst) + 0.03(B) £ 0.18(R,)*
1 BB’ = Jun") x 10°

n 13.0 & 1.0 (stat) + 0.6 (syst) + 1.3(B) £ 0.5(R) "o’ 9(BB0_>J/¢90)

n'  6.51 +0.52(stat) + 0.33 (syst) & 0.06(B) £ 0.34(Ry) 545 (Bro_, jupe0)

050 (Bro_s 3700) £ 0.10(fs/ fa)
8 gg(BBO—)J wpo) + 0~07(fs/fd)
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Comparison with Run-1: branching ratios

o 06 ).(10 - T T j 14 flOﬁ ]
o F : : m 16
055 [ statistical error F ]
o 14 E
05F [ total uncertainty s ]
o E 12 E
0.45F o ]
E 10
04F F E
F 8 I .
0.35F o ]
F 6 I .
0.3F r 71
E af .
0.25F o ]
E E 2 .
0.2
- Bl= JAm B — JAm’ B — Jin B — JAm’

® ~ 4 — 6 times improvement to statistics from Run-1to Run-1+2 (expected 3.3 from o £)
e Central value shift forn— "~ n® stems from new n° correction
e Largest contributions to the error budget were the branching ratios of B® — JAbp°,
Bt = xaK™, xe1 — JAby and BT — JApK**. Belle2 is in the best position to improve
these due to the clean e™e™ event conditions.
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What next with B, — Jyn) at LHCb

With Run-1&2: more channels ) — vy vs.

™ — vy
2 = OF
_ BB°= JAm) _ < o ) 2 ool
Ro 7B(BO—> ) @go X cos” pp ob
0 ’ n’ 60
B () e
AN %2, T
With future Runs: Continuation of this work e
® The results in the mixing are statistically limited Wp
e Total luminosity by end of Run-3&4 ~ 50 fb™* 10;‘ EE’; EE:
® Pile up will be higher so performance is unknown: T T
assume the same here
® Stat uncertainties of o and ¢ could catch up with PDG Averages

syst. after the addition of Run-3&4 data
= 0y, (stat) = 1.0° — 0.4°
O, (stat) = 4.8° — 2.3°
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Summary

Refined two previous studies of Run-1 data
o Studied mixing with more decay channels (single photons)
o First study of n— mt 7t final state with B?S) — JAn () decays
o Used newer analysis methods (e.g. GBR and a BDT)
® Most precise measurements of B (Bf,) — JAm) to date
Statistical improvement was almost double the expected from o £ alone

® Determined the gluonic component of i’ by providing a 4 significant mixing angle

Photon efficiency study
® Created corrections to the Run-1 and Run-2 photon efficiencies
o Refined the methods of a previous Run-1 study of just ¥ (non-resonant correction to
K**+ — K+n?, random y description, GBR+BDT)
o Finished and extended work on single y with BT — x.1 K™ started at Edinburgh
® Found corrections that can be used in a number of Run-1 & Run-2 analyses w/ y/n° which
are still numerous
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Summary

Refined two previous studies of Run-1 data
o Studied mixing with more decay channels (single photons)
o First study of n— mt 7t final state with B?S) — JAn() decays

o Used newer analysis methods (e.g. GBR and a BDT)
® Most precise measurements of B (Bf,) — JAm)) to date
Statistical improvement was almost double the expected from o £ alone
® Determined the gluonic component of i’ by providing a 4o significant mixing angle

Photon efficiency study
® Created corrections to the Run-1 and Run-2 photon efficiencies
o Refined the methods of a previous Run-1 study of just ¥ (non-resonant correction to
K**+ — K*+n°, random y description, GBR+BDT)
o Finished and extended work on single y with Bt — x.1 K™ started at Edinburgh
® Found corrections that can be used in a number of Run-1 & Run-2 analyses w/ y/n° which
are still numerous

Thank you!
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Continuation/extension of previous work

Photon reconstruction efficiencies
® A Run-1 study of efficiency corrections using photons from B* — JApK* ™ with
K** — K™n® and n° — yy:
o Assuming single photon corrections are the square root of the 7t correction
o A simple model of the background was used
o Misses important non-resonant K+ ¥ correction
o Performed by Moscow groups

® A study of 2015/2016 data was started by Edinburgh looking at Bt — x.1 K™ with
Xe1— JAby:
o Master’s project of M. Lehuraux under the supervision of G. Cowan

Measurement of 5 (B, — JAM®) and n-n’ mixing

o Astudy of BY — JApn”) with 2011 data

o Studied many final states to create current best 3
o Performed by Moscow groups

® ARun-1study of n-n’ mixing with BY,) — JApn""

o Supplied ratio for B (B® — JApn(") to be calculated
o Performed by Moscow groups
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Recent experimental publications

® | HCb
o Run-1m’ mixing measurement with B?S) — JAm (") [JHEP 01 (2015) 024]

> Search for decay A? — An(") [JHEP 09 (2015) 006]

o Search for decay B — /' [JHEP 05 (2017) 158]
o CP Violation in Dt () — h'tn [JHEP 06 (2021) 019]

® Belle-1&ll
o Search for B — n'n [Phys.Rev.D 104 (2021) 3, L031101]
o CP Violation in decays D? — nt7—n, DY — KtK 1 and D° — ¢n [JHEP 09 (2021) 075]
o Many searches planned in [The Belle Il Physics Book]
® BaBar
o Light meson spectroscopy in e — n("’h+h~ [Phys.Rev.D 104 (2021) 7, 072002]
o LFVin D® — X%=u* (including X = 1) [Phys.Rev.D 101 (2020) 11, 112003]
o Measurement of the form factors of v*~v* — 1/ [Phys.Rev.D 98 (2018) 11, 112002]
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https://doi.org/10.1007/JHEP01(2015)024
https://doi.org/10.1007/JHEP09(2015)006
https://doi.org/10.1007/JHEP05(2017)158
https://doi.org/10.1007/JHEP06(2021)019
https://doi.org/10.1103/PhysRevD.104.L031101
https://doi.org/10.1007/JHEP09(2021)075
https://doi.org/10.1093/ptep/ptz106
https://doi.org/10.1103/PhysRevD.104.072002
https://doi.org/10.1103/PhysRevD.101.112003
https://doi.org/10.1103/PhysRevD.98.112002

Connection to gluonium in full(?)
® We have considered mixing between the heavier mass state ' (958), but what about 1
(548)?

® Typically expected to have much smaller mixing (negligible in today’s experimental
precision) because of the lower mass

® ' ep
® n'nat g
]

In) = cos pp cos i |ng) — sin p cos i |ns) — sin ¢ |gg)

’ ’
In') = (sin pp cos pg; — cos pp sin gl sin o) ng)

+ (cos pp cos cp?/ + sin @ p sin Lp?/ sin L)|ns) — cos ¢ sin vp'(‘: l9g)

® where = 0 reproduces the previous scheme
® Was found to be true in phenomenological fits
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Connection to charmonium!

® Mass hierarchy as approximations for what mixes with what

A description with three angles:

®nn'tep

® n'ne: pa

® NeMel pQ
) cp —sp 0 O 1 0 0 0 1 0 0 0 nq)
m’) _|sep cop 0 0 0 cpc —spc O 01 0 0 ns)
na) 0 0 1 0 0 spac cpc O 0 0 cpg —spq lgg)
Me) 0 0 0 1 0 0 0 1 0 0 spg cpqg |ce)

® where -, = 0 reproduces the previous scheme
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Ways to measure 1-n’ mixing outside of LHCb: R, & R,

Ry
® A way to measure 0p is to measure I'(JAp — yn') /T (JAb — yn)

7\ 3
_ =) _ (o7 2
TR («1») o

® This is the method used by BES Collaboration in [Phys.Rev.D 73 (2006)]
® Yielded pp = (38.8 4 1.2)° from 6 x 107 JAp in BES-Il (now BES-II has 10'°)

Re
® A way to measure
varphi andyc is to measure I'(¢ — yn') /T(¢ — yn)

NG
r'(d— YTI,) ms tanyy 2 [ % 2
=W W) (9= = t O
Re T'(d— ym) m sin2¢pp Pn U (PE (e

® This is the method used by KLOE in [Phys.Lett.B 648 (2007)]
e Yielded ppr = (39.7 4 0.7)° and p¢ = (22 + 3)° from 10° &
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https://arxiv.org/pdf/hep-ex/0510066.pdf
https://arxiv.org/pdf/hep-ex/0612029.pdf

Ways to measure n-n’ mixing outside of LHCb: I'(n") — yv)

® A way to measure 0p is to measure I“(n(’> — yy) ate™e™ colliders and Primakoff
experiments

3
Mo
47

2

I = yy) = Ko (1)

(“) = —ia (ﬁ%((MwP)F)”)T (jg) +7r9/tﬁM (6r) (éﬁ‘ﬁM‘ fﬁ;ﬂ)

e where there are the form factors ' = ( £38 I®1 ,
Fs1 Fi
cosflp —sinfp

sinf0p cosOp

mixing matrix M (6p) = ( ) and a Low Energy Constant t; = fﬁ
P

® More detail in JLAB 1 proposals (2009)
e Will be the method of the JLAB Eta Factory (JEF) at GlueX
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https://www.jlab.org/exp_prog/proposals/10/PR12-10-011.pdf

Future n) factories

JLAB Eta Factory (JEF) at GlueX
® Boosted production viay + p— 1) +p
® Producing ~ 5 x 107 n) per 100 days
® Focus is rare decay channels (not accessible by B decays)

REDTOP at CERN, Fermilab or BNL
® REDTOP: Rare Eta Decays with a TPC for Optical Photons
® Production via pLi — n"X
® Expected ~ 10*3 1) mesons per year
® See [Contribution t0:2022 Snowmass Summer Study]
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https://inspirehep.net/literature/2052541

Available physics - ) factories

C, T, CP-violation
CP Violation via Dalitz plot mirror asymmetry: §— 7° 77
CP Violation (Type I —P and T odd , C even): ij->41° — 8y
CP Violation (Type Il - Cand Todd , P even): — 7€t and 71— 37
Test of CP invariance via y longitudinal polarization: n— u-
CPinv. via y* polarization studies: — T A ee” & N— XA LU~

CP invariance in angular correlation studies:f) — [ 1=¢"e~

0 Tinovariance via U transverse polarization: 1§ — T 1~ and §—

M
CPT violation: 4 polar. tn j — A" vos p— T v and y polar. in

—¥y

New particles and forces searches

2 Scalar meson searches (charged channel): p— z°H with
H—eeand H—urpir

2 Dark photon searches: 1 — y A with A’ — ¢

2 Protophabicfifth force searches : n— yXy; with Xi7— ee

0 QCD axion searches : ) — A with az;;— e'e

0 New leptophobic baryonic force searches: 17— yB with B— e'e
ar B— ya°®

O Indirect searches for dark photons new gauge bosons and
leptoquark: n— pruc and n— e

2 Search for true muoniwm: n— y(uru- )IZMﬂ — yete

2 Lepton Universality

Other discrete symmetry violations
2 Lepton Flavor Violation: n — (e~ +c.c.
2 Double lepton Flavor Violation: n — prpre-e- +c.c.

Other Precision Physics measurements

O Proton radius anomaly: n— yuru=vs n—yee
0 All unseen leptonic decay mode of i/ 1 * (SM predicts 10-°-10°)

Non-n/n’ based BSM Physics
3 Dark photon and ALP searches in Drell-Yan processes:
qabar — A'fa— IFI-

2 ALP’s searches in Primakoff processes:p Z — pZa — Fl-
(F. Kahlhoefer)

2 Charged pion and kaon decays: m+ — (rvA'— wvee and
K- puvA — pvee

2 Neutral pion decay: n° — yA' — e

High precision studies on medium energy physics
2 Nuclear models
0 Chiral perturbation theory
2 Non-perturbative QCD
0 Isospin breaking due to the u-d quark mass difference
2 Octet-singlet mixing angle
2 Electromagnetic transition form-factors (important input for g-2)

See REDTOP physics site: [https://redtop.fnal.gov/the-physics/]
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Pseudoscalar glueball suggestions

4.0
35
S 30
(%]
';a 25
20
15 —
5 10 15 20 25
@a(°)

Uses n-n’-ng-ne mixing scheme with
pYp = 43.7° and Y = 11'6O|ﬂG*nc

® phenomenological studies [Phys.Rev.D 79 (2009)] of the KLOE results of pp ~ 40° and
we ~ 22° have been performed in the n-n’-ng scheme
o This suggested the mass would actually be 1.4 GeV!
o In excellent agreement with n (1405)
o Even further from the LQCD results

® The situation remains unclear

® According to [Phys. Rev. D 97(2018)] we can

determine the mass of a physical glueball state
from the n’-n¢ mixing angle
° S0 g = (20.8 + 4.8 (stat) & 2.8 (syst) + 0.8(B))°
suggests a mass of 1.6 — 2.1 GeV for glueballs in this
particular model
o In slight tension with LQCD which expects a mass
around 2.5 GeV
o This mass range would point to n(1760) or X(1835)
measured by Belle and BES.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.096002
https://inspirehep.net/literature/802711

Chiral perturbation theory (ypr)

® The masses of the pseudoscalars 1 and i’ are small enough that the strong coupling
constant becomes very large

® At these energies an effective field theory to describe QCD based on chiral symmetries
were needed

® With the limit of a large number of colours N. — con’ can be included in this theory

® Then pseudo-Goldstone bosons are produced by spontaneous chiral symmetry breaking
including the full octet and singlet of pseudoscalars introduced before:

' /V2+ns/V6+n1/V3 ot K*
( o —n’/V2+ns/vV6+n1/V3 K° )
K~ K’ —2ms/V6+11/V3

® Today, it is this theory that is typically relied on for phenomenological analysis of n-n’

® Most precise parts of the theory are just from expansions of m, and m., so for the kaons
and n"") there are issues with the descriptions

® Extrapolation to higher energies is very difficult
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Data Fits to Extract Signal Yields

o000 T NSig = 1235115 £ 272 E 570000 = T T — 3
> S LHCb Preliminary
Bsoook sMean = 52600620038 60000 - Dot E
= SWidth = 9.3740 £ 0,0089 = a
o o ©50000 Model E
o000 sga= 25382+00021 ] 2
ko] sig_a2= 2551+ 0.011 ®40000F Combinatorics E
S30000 . s F 4V N N
k<] sig_beta=-0.002125 + 0.00027 S30000 F B" - JYK E
520000 E sig_| =-2.18233 + 0.0032 g
; 20000 E
sig_n= 1.8564 + 0.0046 params
10000 Sg n2= 2602000049 10000 E
etay 1.562 + 0.067 ) )
= 8 = 18 T T
& 5 Z s X " w
0 o - T PR
o : ° _M‘ PO e UL et 4
-19 L L ~10 I I
5200 5300 5400 5500 5200 5300 5400 5500
DTF My e (Mevi/c?) DTF My e (Mev/c?)
Fit PDF Models

® Signal and peaking/physics background: 2-sided Crystal ball (or derivative)
® Combinatorial background: exponential

® Model shape parameters taken from Monte Carlo

® Background yields are Gaussian constrained
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Fit results B{, — J/Jn"): single photon

n— Ty

JARIANCE MATRIX CALCULATED SUCCESSFULL
6 FROM HESSE STATUS=0K 50 CALLS 290 TOTAL
0 A =1 ERROR MATRIX ACCURATE
INTERNAL INTERN
STEP S

n'— p%y

CD ARIANCE MATRIX CALCULATED SUCCESSFULLY
66096 FROM HESSE STATUS=0K 4 418 TOTAL
.20 ATEG ERROR MATR A

EXT PARAMETER IHTEFHAL
NO. M
1

Globalsmear
nbd

nbkg

nsig

po

4 nbkg

5 nsig .

6 po .007 44261 0 -+
WARNING - ABOVE PARAMETER TS AT LIWIT.

7 pie

-1.389%-11 -1.
6 6 -1.643

6.7
CDFPELATIDH CDEFFICIE




Fit results BY, — J/n ")

VARIANCE MATRIX CALCULATED SUCCE!
.81 FROM HESSE STATUS

EXT PARAMETER
NO.  NAME
1 Shif

2 341u4a 04
ERR DEF

2e-04 1.068e-0
PHF’MHETEF’ CDPPELATIDH CDEFFICIEHT’
NO.  GLOBAL 2

1

40 CALLS

two photon

TOTAL

\TRIX CALCULATED 'uCcEf FULL
57 FROM HESSE
EDN

nbd
nbkg
5 nsig
6 po

TEP”ML ERROR H»«TPIr

40 CALLS 193 TOTAL
ERROR MATRIX ACCURATE
INTERNAL
VALUE
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Fit results y reco: signal channels

B+ — JAK*+

\TRIX CALCULATED SUCCES!
475 FROM HESSI STATUS=0K 69 CALLS TOTAL
ERROR MATRIX ACCURATE|

CALCULATED SUCCESSFUL
S TATUS=0K INTERN

TOTAL

nexp
nsig

1

XTERNAL ERROR MATRIX
1.034e 7e-03

DT
2. 947e

2.277e

le Be 4.
PARAMETER  CORRELATION COEFFICIE!
NO. GLOBAL 1

-1.415e-01 45-01 -5.87 -€
PARAMETER CORRELATION COEFFICIENTS
NO. GLOBAL H
11349 1.
97




Fit results y reco: normalisation an control channels

BO — JAPK*0
BT — JAPKT
COVARIANCE MATRIX CALCULATED SUCCESSFULLY

FCN=-1.01487e+07 FROM HESSE STATUS=0K CALLS 755 T0
0196926  STRATE( ERROR MATRIX ACCURATE

65 CALLS

EXT PARAMETER
NO.  NAME
1 Globalshift

EXTERNAL ERROR MATRIX.

EXTERNAL ERROR MATRIX.  NDIM
8.861 > -1




Selections: B— JApX

B— JAX

Variable Requirement

B— J/¢X  DIRA > 0.9995
P <02
X <20
Xon/ndf <10
= ptp xh(p®) >4
pr(n®) > 550MeV

Stripping
Variable Requirement
J/p— utp~  Best PV |DLS| >3
Min. Alog Ly—= >0
Min. pr{p) > 500 MeV
Max. x2./ndf(j)* <5
X2 /ndf <20
fm(p ) —m(J/g)| < 100MeV
Stripping container Variable Requirement
StdLooseKaons pr(KT) > 250 MeV
Xip >4
StdLoosePions pr(KT) > 250 MeV
Xiv >4
StdLoosePhotons pr(7) > 200 MeV
StdLoosePi02gg lm(7%) —m(yy)| < 60MeV
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Selections: y reco.

pr and PID Mass windows
Variable Requirement Channel Mass range
K+ pr(KT) > 150 MeV Bt = K+t  m(JgpKt) € [5200, 5500] MeV
ProbNNg(1 — ProbNN;) > 0.2 Bt — xaKt  m(JipKty) € [5200, 5400] MeV
vinxa= My pr() > S00Mev xa— Iy |mUlpy) —m(xa)l < 90MeV
IsNotH > 0.05 Bt — K+ m(JpK+ypy) € [5000, 6000] MeV
= pr(v) > 200MeV K+t KEr®  |m(Ktyy) —m(KH)| < 75MeV
Iant[ll-l > 0.05 B K™ m(PpKt o) € [5200,5600] MeV
pr(") > 1GeV KO Kt~ |m(Kt ) — K9 < 75MeV

m~ inK*®— K*m~ ProbNN.(1— ProbNNg) > 0.2
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Selections: B, — J/yn"

1y

Variable Requirement

=+ P > 0.1
Pr(1—Px) >02

y— ntn oy xl,/ndf <25
pr(r) > 500 MeV
IsNotH > 0.05
prin) > 1.5GeV
|m(mt =) — mn)| < 100 MeV

' — p"y pr(r) > 500 MeV
IsNotH > 0.05
pr(n’) > 1.5GeV
[m(ata=y) —m(y')| < 100MeV

o=t X, /ndf <25

m(p")

< [600, 900] MeV

2y

p—= ot xle/ndf < 25
pr(n®) > 1GeV
prin) > 1.5GeV
m(mt e yy) —m(y)] < 100 MeV

% = gy pr(7) = 200 MeV/
Min. IsNotH > 0.05
[m(yy) — m(m0)) < 60 MeV

= ntay xly/ndf <25
prin) > 1GeV
pr(y’) > 1.5GeV
m(t e yy) —m(y")] < 100 MeV

n— ¥y pr(r) > 200 MeV
Min. IsNotH > 0.05
() = () < 100Mev
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