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The LHCb experiment

 Designed to study weak decays of heavy hadrons LECDH Original
» Excellent track and vertex ARCY
resolution provides high
purity samples (>90%) easily /// EGAL T e e 250;24\

RICH2 M1

for fully reconstructed decays
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: Jimmi'
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* Heavy hadrons decay into
almost infinite final states

« Study those decay products
in a quasi-background free
environment
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Lepton flavour universality

 Anomalies seen in ratios of decay rates of semi—leptonic decays
« For beauty hadron decays

R(D)_%(Bﬁm‘v;) R(D*)_%(BéD*r‘vy) e
%(B —> D,Ll_V_ﬂ) %(B — D*M_U_'u) é/ Em Ax?* = 1.0 contours

Bellell

* Measurements from BaBar, Belle(ll)
and LHCb "

* Approximately 3 sigma tension with the s
SM prediction

World Average
0.2 4 HFLAV SM Prediction R(D) =0.357 £ 0.029,,,,
R(D) = 0.298 + 0.004 R(D*) =0.284 £0.012,,,,
d l ' R(D*) = 0.254 = 0.005 }Q&Z‘)O-jg 39
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For more details see P. M. Hamilton’s ICHEP talk
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https://indico.cern.ch/event/1291157/contributions/5908281/

Latest on R(D*) and R(D**)

» |Latest LHCb result focuses on R(D") and R(D*")
« Dataset from 2015+2016

* Processes included
B— D'y,
B— Dt (- pu )y,
B—-D* (- D+7r0),u_vﬂ
B— D* (- D)t (= p o),

The reconstructed final state
is always D u~!

29/07/2024 arXiv:2406.03387 [hep-ex]




Latest on R(D*) and R(D**)

» Latest LHCb result focuses on R(D") and R(D*")
« Dataset from 2015+2016

Three key variables 2

* Processes included (B rest frame)
B — D*uy, A
B—- D"t (- ,u_}_/ﬂ%)}/r
B— D* (- D2 u,
B—- D*t (- D+;{d)7_( — ﬂ_}/}%)%
Alternately

The reconstructed final state q* = (pB—p*D*)ZZ
is always D! = (mp — Ep+)

q* = (p; + pv)?
= m2,.

29/07/2024 arXiv:2406.03387 [hep-ex]




Latest on R(D*) and R(D**)
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« Templated fit in bins of the 3 variables
« Shapes derived from large simulated samples with data/MC
corrections applied

» Control regions used to model the background
contributions

arXiv:2406.03387 [hep-ex]
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Lepton flavour universality

» Tension remains around 3¢ R(D™) =0.249 £ 0.043 £ 0.047
« Results complimentary to R(D*T) = 0.402 £ 0.081 4= 0.085
those using D" mesons g 0 WA e Ciboon ]
R(D®) = 0.441 = 0.060 = 0.066 S i
035 LHCb® —
R(D*) = 0.281 £0.018 £ 0.023 -\ :
* Work in progress 03 NP N >
* Lots more to come from Run 1&2 i >
B ' LHCb® )
* Full Run2 updates 0.25 = — S—
« Angular analyses c ;
* New modes from LHCb i T R
—— - R(D*) =0.254 +0.005 =-0.39 -
B_—>p0,u_17’u A — pu vy [ (.). A R B lg.(xz).=35.o/b T
— 0,6 —- 0.2 0.3 04 0.5
B = Duv, R(D)
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Angular analysis of B — K Ye*e™ decays

 Electronic version is the famous mode

« |nvestigate the discrepancies seen in the muonic mode with electrons
* Previous results from Belle for this channel

1 d{(T +T 9 .
* Angular distributions a1 +1)/dg nggdg - 3o |11~ FL)sin® Ouc o+ Fi cos™ O
I longitudinal polarisation +1(1 — FL)sin® 0 cos 26,
« (¢, angle between electron (dielectron r.f.) — I}, cos? O cos 20, + Ss sin® O sin® 0 cos 2¢
and dielectron (B r.f.) +5, sin 20 sin 20, cos ¢ + S sin 20 sin 6, cos ¢
* 0 angle between kaon (K* r.f.) and K* +2 App sin® O cos 6y + S sin 20 sin 6, sin ¢
meson (B r.f.)
+ ¢ angle between the dielectron and K* + Ss sin 20 sin 20, sin ¢ + Sg sin” O sin” 0, sin 2¢]

decay planes

For more details see R. Silva Coutinho’s ICHEP talk
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https://indico.cern.ch/event/1291157/contributions/5908281/

Angular analysis of B? - K™% *e~ decays

« Use kinematic refit to improve resolution
« Fix B mass to the measured value
« Constrain the momentum vector to point

to primary vertex
Define signal region
* Default 1.1 — 6.0 GeV2/c4
« Extended 1.1 — 7.0 GeV2/c4

Perform fit to B mass

distribution and decay angles , L

29/07/2024
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Angular analysis of BY - K %e*e™ decays
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Angular analysis of BY - K %e*e™ decays
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Good agreement with the SM

Apg  —0.146 £ 0.052 £ 0.035
St —0.077 £ 0.056 £ 0.038
Ss 0.129 £ 0.072 £ 0.056
Sy 0.066 £ 0.045 £ 0.020

P, —0.232£0.083 £0.112
P, —0.155+0.114 4+ 0.092
P 0.262 £+ 0.146 £ 0.137
P;  —0.157£0.107 £ 0.110

LHCb-PAPER-2024-022
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Spectroscopy

Introduction

patrick.koppenburg@cern.ch 2024-06-06

Date of arXiv submission
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Amplitude analysis of B® - D°Dfz~ and B* - D™Dzt decays

Decays of B mesons to double charm final states now very popular
* Following the discovery of new particles in B™ — DTD~K™' decays

Isospin partner decays analysed together
« Expect standard excited charm mesons in the Dz~ and D~z channels

« Anything else would likely be an exotic candidate

(a) (b)

C
D; D;
!§<g §§/<§
b « C b « c

D,(2460) B* ) D,(2460)"

29/07/2024 Phys. Rev. D108 (2023) 012017, Phys. Rev. Lett. 131 (2023) 041902



Amplitude analysis of B® - D°Dfz~ and B* - D™Dzt decays

* Firstly need to measure the yields before doing the amplitude fit
« Separate fits for the three decay modes and split between Run 1 and Run 2
« Double Crystal Ball functions for the sighal (Gaussian core + tails)
« Exponential function for the combinatorial background

Run 2 fits

— — T T T T T [ T T T T T T T T T T ™ — — T T T T T [ T T T T [ T T T T T T ~ 800 T T T T
> > L ] T T ]
S 60| 0 0 LHCb | g 200F 0 0 oo 2 LHCb -
B’— D, D'mw § - B'— D, Dimw 1 > B*— DDt e
= 7 6fb" 1 o [ i 6" 1 o o0l Bt 6fb"
? I 1 Data Run2 | N 1 Data Run2 ] v + Data Run2
w400 - Total PDF - - ¥ Total PDF ] > ]
L . : 1 2 N : ] Q = Total PDF -
3 Signal PDF =S 100 - Signal PDF . ch 400 ota ]
= - - — - B signal 'g - — - BY signal -é Signal PDF 1
8 | — — Background 8 50 — — Background . 8 200~ — — Background ]
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Amplitude analysis of B® - D°Dfz~ and B* - D™Dzt decays

* Now need to perform an amplitude analysis
« Take just the candidates from the sighal regions and fix the yields

* Include amplitudes for every sub-process that may contribute, starting with
known/standard resonances

Resonance JF Mass (GeV) Width (GeV) Comments

D*(2007)° 1= 2.00685 £ 0.00005 <21x107° Width set to be 0.1 MeV
D*(2010)~ 17 2.01026 4 0.00005 (8.34 £ 0.18) x 10~°

&’ Dy(2300) 0t 2.34340.010 0.229 4+ 0.016 #
D3(2460) 2% 2.4611 £ 0.0007 0.0473 + 0.0008 #
D*(2600)° 1=  2.627 £ 0.010 0.141 £ 0.023 #
D3(2750) 37 2.7631 £ 0.0032 0.066 + 0.005 #
D1(2760)° 1- 2.781 4 0.022 0.177 4 0.040 #
D*(3000)° 7 3.214 £ 0.060 0.186 = 0.080 # J¥ =47 is assumed

29/07/2024 Phys. Rev. D108 (2023) 012017, Phys. Rev. Lett. 131 (2023) 041902



Amplitude analysis of B® - D°Dfz~ and B* - D™Dzt decays

* Projections from the fit with the list of known excited charm mesons
. Full B —» EOD;%_ dataset combining D decays and run periods
. Good fit to data in the D'z~ projection (left)
* Some possible deficiencies in the DS+71'_ projection (centre)
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Amplitude analysis of B® - D°Dfz~ and B* - D™Dzt decays

* Perform a simultaneous fit 2T C T e 2ol e
@) 250 L LHCb gacklgfr_ound @) LHCb
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Amplitude analysis of B* — D*~DFz* decays

* Very recent paper from LHCb
« Do we see the 7,,(2900)"" state?
« About 850 events in the signal region, analysis strategy ~as before
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https://arxiv.org/abs/2405.00098

Amplitude analysis of B* — D*~DFz* decays

* Very recent paper from LHCb
« Do we see the 7,,(2900)"" state?
* Region of interest dominated by reflections from D,(2420), D,(2430) states
* No evidence for the tetraquark with this limited data set
» Fit fraction for 7..,(2900)"" < 2.3 % (90 % CL)
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Study of the Bt - D**DFK* decays

» Study resonant structures in B* — D"*D"K* B* - D""D*K* decays
 Again motivated by tetraquark observations in BT — D™D~ K™ decays
* Interest to study this family of tetraquarks further!

« Simultaneous analysis of the two final states
« Expect charmonium(-like) contributions to be equal in both (C conservation)

* Use the full Run 1 + Run 2 data sample from LHCb
* Find 1636 + 43 decays in Bt - D"*D~K* sample
« Find 1772 = 44 decays in B — D*~D*TK* sample
« Purity in both modes around 95%

29/07/2024 arXiv:2406.03156 [hep-ex]



Study of the Bt - D**DFK* decays

» Study resonant structures in B* — D*D"K* B* — D"~D*K™* decays

* Baseline model Fit fraction [%] Fit fraction [%]  Branching fraction
Component JP©) n t = Tt n o— V4 Tt ~ 4
 New charmonium(-like) BY = D" D KT BY = D" DK 10~ ]
1—|—+ 10 9 +2.3 +1.6 9 9 +2.1+1.4 O 74 +0.16 +0.11 :l: O 07
Y —1.2 -2.1 < —1.0 -1.9 . —0.08 —0.14 :
states 0 AT BININT 02870000 4002
« Tetraquarks seen in 2+ 18153 105 L7503 05 0122555 156 £ 0.01
. T. (287 O)O torbidden 1+ 10.1 75533 9.1 081 0.69 1066 7091 £ 0.06
£ 50 N Rt 1-- 2.8 704103 2.6 0510 0.19 7005 7008 £ 0.02
inB™—- D DK™ and 1+- 12402 0 e 1 $02 402 0.08 7008 To:0; £ 0.01

8:5.—0.2

the spin-1 state not 765705418 0.45 Z5% Lo.1 = 0.04

+1.1+2.4

seen 1~ —1.5 —1.6 - 0.38 090 To11 + 0.03
) 1 20.F o e s BT 1.39 1005 To17 £ 0.12

NRo-- (D*FD%) 0~ 1.2 58 +0-7 1.1 756406 0.08 T5:01 To0; £ 0.01

NRy++ (D FD*)  1++ 17.8 11958 16.1 15433 1.21 P03 4022 +0.11

NRg-+(D*FD*) 0~ 15933132 14.5 30420 1.09 7058 1055 £ 0.09
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Study of the Bt - D**DFK* decays

» Study resonant structures in B* — D"*D"K* B* - D""D*K* decays
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Study of the Bt - D**DFK* decays

» Study resonant structures in B* — D"*D"K* B* - D""D*K* decays
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Study of the Bt - D**DFK* decays

Study resonant structures in B* — D"*D~K*, BT — D" ~D*K* decays
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Background =~ NR-- e NRo-—+ e NRo—- e Reference fit
§100 1 I 1 1 1 I 1 I I 1 1 1 I N ;100 1 I 1 1 1 I 1 I I 1 I i
e LHCb 9 fb-! {» { 13 LHCb 9 fb-!
- _ : - ()
% 50 % 50
= 12 7t -
S 12 f o
S - 13 - A T
S ; ' SETTTI {1 = i . .
8 0 I TV e 8 0 AT CE
26 3.0 3.2 2.6 3.0 3.2 3.4

28

M(D**K*) [GeV]

Discrepancies covered by model systematics

arXiv:2406.03156 [hep-ex]
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Study of the Bt - D**DFK* decays

» Study resonant structures in B* — D"*D"K* B* - D""D*K* decays
« Tetraquark candidates in

fai t with Property This work Previous work
air ggreemen Wi T%,(2870)° mass [MeV] 2914 + 11 + 15 2866 + 7
previous results = (2870)° width [MeV] 128 + 22 + 23 s7+13 Lo
e Seems to be a difference T%,(2900)° mass [MeV] 2887 + 8 + 6 2904 + 5 916
in the ratio of the T7,(2900)° width [MeV] 92 4+ 16 + 16 110+12
two states in this final B(Bt — T%,(2870)°DWT) (45703408 £0.4) x 107> (1.24+0.5) x 107°
B(BT — T%,(2900)°D™*) (3.8 10{ 10 £0.3) x 1075 (6.7 +£2.3) x 1075

state B(BT T, (2870)°D™*)+)

B(B*+—T%,(2900)0 D()+)

1.17 £ 0.31 £ 0.48 0.18 £0.05

A ".(3995)] ho(4000)] X1 (4010)]and A (4300)
|Consistent with X(3940) |
| seen by Belle

i , ,
100 ]‘E 916 § 166 | 6.40
I I

| e s ———
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Looking forwards - my two cents

* We need to understand the structure of exotic particles
« With four and five quark states, how are the quarks arranged?

« Discovering them pseudo-randomly is a good start...
« Perhaps it is time for a more focused, systematic, approach
* Focus on related states and look for any more possible partners e.g.

T..,(2900)° T%,(2900)°  csid
csl (2900)0 Tca§()(2900)++ csud
csiid

* Make sure we focus equally on final states they do not decay to
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LHCb Upgrade - Run 3

» Data pouring in as we speak at point 8! LHC

b Upgrade |

- Effect of the upgrade is clear to see! Lty

° Al ready Collected about thCG as m UCh LHCb Integrated Recorded Luminosity in pp by years 2010-2024

. 4.8 5 : O 2024 (6.8 TeV): 3.85 /fb
data as our previous record year | : | : ZmGeTaRosm
VI | £ S——————— S S— . 2018 (6.5 TeV): 2.19 /b

: ° 2017 (6.5+2.51 TeV}): 1.71 /fb + 0.10 /b

2016 (6.5 TeV): 1.67 /fb

2015 (6.5 TeV): 0.33 /fb
2012 (4.0 TeV): 2.08 /fb
2011 (3.5 TeV): 1.11 /b
2010 (3.5 TeV): 0.04 /fb

« Detector performing well

« Removal of hardware trigger gives
and extra factor of ~2 improvement
for hadronic decays

Integrated Recorded Luminosity (1/fb)

* Lots to look forward to!

g
Nov

Month of year
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https://cds.cern.ch/record/2776420?ln=en

LHCb Upgrade |

« LHCb physics programme not limited by the LHC

L HCb Upgrade |l
« Ambitious future upgrades plan AGH

VHCH Tooss

Upgrade | Upgrade Il

< > —>
— Run 1 Run 2 Run 3 Run 4 Run 5 Run 6_ . .
& 16 schedule updated beginning of 2022 = 350  Peak lum'anS'Ity - 1.5 % 1034 Cm_28_1
£ 14 200 = L. _
R 1’ 2« Integrated luminosity ~ 300 fb™!
= 10 E R « ForRunb5+6
2 8 — 200 8 .
Z 3.5 £ * Full new detector required!
g 6 = = .
E 40 5« Install during L54
g 2 3 ~ « Smaller detector consolidation
~ Yor0 2020 Y‘ 2030 2040 and enhancements during LS3

car
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Summary

» Lots of exciting results still coming in from the Run 1 and 2 data set
* Only a small selection of topics covered today

« Exploitation of Run 3 data for physics analysis to ramp up
« Data coming in at an unprecedented rate for LHCb

 Reminder of the annual LHCb implications workshop
 The 2024 addition will be Wednesday 23rd - Friday 25th October
* Theorists welcome!

Unfortunately | can only attend the conference today, so please find me at lunch
or coffee if you have any additional comments/questions or requests!

03/07/2024
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Latest on R(D*) and R(D**)

Control region with an
additional charged pion

added

Sample enriched with
excited charm meson
contributions

29/07/2024

xlO%

0 5 10
g GeV¥ ¢4
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Latest on R(D*) and R(D**)

— flo"' T v v ¥ T T o
=z 43 LHCb 2f7" RS 22
Control region with two = E
additional charged pion > 2k 1 =
. . g 15F 2 o8
added (opposite sign) T F < 06
5 osp g 02
0
m2. | GeV¥ ¢4
- xlO'j e e
. . B s Dt T8 b 2fp
Sample enriched with — kg : EECE
higher excited charm B—D'X.X 2
meson contributions B 5D /ey 3
Comb + misID 5 3
BN B—>D'uv 3
B 3D uv S 3
0 - lOlOO o 2090 )
E,[MeV/c?|
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Latest on R(D*) and R(D**)

o
=)
o

Control region with at
least one additional
charged kaon added

o o
8 8 2
T 117177

=]

o
S
e

Cagdidates /(0.67 GeV?*/c%)
S

Candidates / (1.18 GeV*/c%

0 5 10

P1GeV ] m2[GeVYcd]
é\o_op_z"]o? —r
. . B—D'tv < 002 LHCb 2fb 3
Sample enriched with . C—D S oots
B B3—-D*tv = 0016 -
double charm B—>D'X X 3 0014 3
. . B — D% /1~ —Yule E
background contributions B 8D /v X
Comb + misID 50008 E
- Dy oo
B B—=D*uv O 0.002 3
0 I.. 1000 2090
Eul MeV/('zl
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Latest on R(D*) and R(D**)

 Control of systematic uncertainties crucial Source R(D™) R(D™)
. Form factors 0.023 0.035
with such lal‘ge SampleS B — D*[D* X]|u/Tv fractions  0.024  0.025

B — DT X_X fraction 0.020 0.034

* Dataset from 2015+2016 Misidentification 0.019 0.012
Simulation size 0.009 0.030

Combinatorial background 0.005 0.020

* Lal’geSt sources Data/simulation agreement 0.016  0.011
Muon identification 0.008 0.027

* Form factors Multiple candidates 0.007 0.017

o Background fractions Total systematic uncertainty 0.047 0.085
Statistical uncertainty 0.043 0.081

. Finally we get Results from D" decays PRL 131, 111802 (2023)

R(D") = 0.249 4 0.043 4 0.047 R(D") = 0.441 = 0.060 = 0.066
R(D*) = 0.402 4 0.081 4 0.085 R(D*) =0.281 £0.018 = 0.023

29/07/2024 arXiv:2406.03387 [hep-ex]



Angular analysis of B — K Ye*e™ decays

« Compare each variable with the muon results rrL 132 (2024) 131801
« Consistent with lepton flavour universality

0, = P _ pl©

W T T T T I T T T T I T T T T I T T T

is) 0.4 LHCb ABCDMN | QI B -
@ " Belle i
< 02F T . i
S 1 i B l 0.5 —
& N ]
: R : :
o 00r - .
o : ] O ]
196 il B ]

—-0.2 { . i

1 A -0.5 ]

-0.4 r [LHCD preliminary] | : [LHCD preliminary] -

ik I R T .

QFLIQ1IQ4IQ5IQ2IQ6IQ8|Q3 0 5 10 15
g% [GeV?/cH
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Angular analysis of B? - K™% *e~ decays

« Same pattern as the muonic decays _ CMS Preliminary
Qe [
- w577 - LHCb PRL125, 011802
- . | — % CMSPLB781 (2018) 517 _
E ABCDMN e LHCb : 1: e :
n GRvDV Belle N i .
05 :_ _: 0.5 N i H
g— 5 ot +
-05F —
- N -0.5 :F +
“1F - : + i +
_ . 1
G [ 4 I S EA S S R 7 :
0 5 10 15 il L Lyl
g% [GeV?/c¥ 0 2 4 10 12 14 16 18

q? (GeV?)

29/07/2024 LHCb-PAPER-2024-022 38



Amplitude analysis of B® - D°Dfz~ and B* - D™Dzt decays

* Three data samples initially
. BY > EODS“LE_ with DY - Kt7n~
+ B - D'D}n~ with D° — K+7r_7z n D} — KtK~nt
*B* > D D+7Z+Wlth D™ - Ktnn~

» Analysis uses the full Run 1 + Run 2 data sample of 9fb~!

« Standard selections
« Combinatorial background suppressed using a BDT (boosted decision tree)
« Non-charm background surpassed with flight distance cuts

29/07/2024 Phys. Rev. D108 (2023) 012017, Phys. Rev. Lett. 131 (2023) 041902



Amplitude analysis of B® - D°Dfz~ and B* - D™Dzt decays

* Decays of B mesons to double charm final states now very popular
* Following the discovery of new particles in Bt — DTD K" decays

 [sospin partner decays analysed together
« Expect standard excited charm mesons in the Dz~ and D~z channels
. Anything else would likely be an exotic candidate
» E.g. Z_ tetraquark candidates seen to decay to D*D“L,DD*Jr and J/yK

. Motlvatlon to search in the D+7z and D+7z from theory side in analogy to
150, 1)(2900)O candidates in the DK+ system

29/07/2024 Phys. Rev. D108 (2023) 012017, Phys. Rev. Lett. 131 (2023) 041902



Amplitude analysis of B® - D°Dfz~ and B* - D™Dzt decays

* Firstly need to measure the yields before doing the amplitude fit
« Separate fits for the three decay modes and split between Run 1 and Run 2
« Double Crystal Ball functions for the sighal (Gaussian core + tails)
« Exponential function for the combinatorial background

Run 1 fits
A~ T T T T T T T T T T T T T ™ I 7T T A~ FT—T—T T T T T T T T T T ™
% i I I I I ] % | > »00 T T T T ]
150 - 0 LHCb — —0 LHCb 8 C LHCb ]
0_. 7 - 0 - 1 .
E I B Dy, Din 3! ] E B Do 3o E I B~ DD{x* 3! ]
) i —1— Data Runl | 2 40 —1— Dana Runl = o POE —— Data Run1
> 100} Total PDF 4 2 T Total PDF 1 3 [ | i
Q B 1 Q L ) 4
§ i Signal PDF 3 | Signal PDF g 100 Total PDF ]

"é sol — - - B! signal "g 20 — - B signal — 'é Signal PDF
L - = I C i
8 B — — Background o — — Background 8 50 | — — Background ]

I 4 2 - i ’
5300 5400 5500 5600 5400 iSOO 5600

M@®D D*n) (MeV) M®D Di7) (MeV) M(D D?r*) (MeV)

29/07/2024 Phys. Rev. D108 (2023) 012017, Phys. Rev. Lett. 131 (2023) 041902




Amplitude analysis of B® - D°Dfz~ and B* - D™Dzt decays

* Fit results
* Full results in the backup slides
« Focus here on the yields in the signal region of +20MeV/c? around the B mass
« Corresponds to about 2.5-3 times the mass resolution

Decay Parameter Run 1 Run 2
Signal vield 564+ 26 2534 + 55
B — DY _D}r~ | Total candidates | 633 2753
Purity 89.1% 92.1%
Signal yields 177+14 734+31 ~4k signal candidates
BY — DY%., Dfx~ | Total candidates | 199 835 per channel
Purity 88.9% 87.9%
Signal vield 766 £ 29 2984 + 57
Bt — D~ Dfn*t | Total candidates | 797 3143
Purity 96.1% 94.9%

29/07/2024 Phys. Rev. D108 (2023) 012017, Phys. Rev. Lett. 131 (2023) 041902




Amplitude analysis of B® - D°Dfz~ and B* - D™Dzt decays

29/07/2024

Decay Parameter Run 1 Run 2
Signal yield b87 + 27 2641 + 57

BY — D% Dfn~ | B? signal 25.3+8.3 77T+ 15
Background yield | 421 4 26 1440 4+ 49
Mean (MeV) 5279.12 £ 0.38 5279.16 + 0.18
Width (MeV) 7.89 4+ 0.35 7.734+0.17

Exponential slope

—(3.08 £0.52) x 107®

—(2.98 £ 0.29) x 10~*

0_y o + -
BY — Diys Dim

Signal yield

B? signal
Background yield
Mean (MeV)
Width (MeV)
Exponential slope

185 + 15

49+4.6

136 + 14

5277.98 + 0.70

8.01 + 0.59

—(2.56 + 0.90) x 103

759 % 32
38+ 11

692 + 33

5278.79 + 0.34
7.72+0.33
—(3.03+£0.41) x 10~*

Bt — D~ Dfn*

Signal yield
Background yield
Mean (MeV)
Width (MeV)
Exponential slope

798 + 30

311 +21

5278.88 + 0.33

8.08 +0.30

—(0.82 4+ 0.61) x 1073

3123 % 59
1201 =+ 40

5278.74 & 0.16

8.05 + 0.14

—(0.90 + 0.31) x 103




Amplitude analysis of B® - D°Dfz~ and B* - D™Dzt decays

* Projections from the fit with the list of known excited charm mesons
 Full BY > D™D n™ dataset combining D decays and run periods
 Good fit to data in the D~z projection (left)
» Some possible deficiencies in the D z™ projection (centre)

+ Data

> ]
O 250 LHCb Background
< 1 Total fit ]
S 9 fb —— D, (2460)° D+ ]
=200 —— D/ (26000 Dy ]
= (a) | —— D;(2750)° D} 1
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"g 100 —— D S-wave DJ ]
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Amplitude analysis of B® - D°Dfz~ and B* - D™Dzt decays

* Have a look at the fit quality

B’ - D’Dfn~

>k 2 Sl Z
11 C
@o/ : ) @ I )
10} :’1103
S of 17 g ik
= I = Z
8k ~0 8 T —0
s 7
- -2 /. 7 -2
6 - . 6 |- | .
LHCbDb LHCb
5k ofp! 4 W™ 5k , 9 fb1-
D et N L A R N g e
5 6 7 8 9_ 10 5 6 7 8 9 10
M?*(D°7) (GeV?) M2*(D~7*) (GeV?)
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Amplitude analysis of B® - D°Dfz~ and B* - D™Dzt decays

* Since the problem seems to be [ .o ] S
o . . < 250 -1 — Total fit 1 <
in the D7 projections 2o el 2
\) . gzoo (a) ~ Dy@750" D! g
« Try adding one state per decay L | st 1§
mode % o 0T ] S
: © ' W, B° - DD © Ll
» No relation between them o w1 "
05— 42 ----- S 30 3234 0
assumed 7 R I
* Float mass, width and spin s [T T o
§or ey | g L
g 9 fb! —— D;(2460° Dy g
S 200 ~— Dy (2600)° D, ] S
o ~ C ~— D; (2750 Dy 1 Ze60F
» Both data sets prefer a spin-0 3. a1 3"
resonance at 2900 MeV/c? e o i | 20
- s0F Bt > D_D;LJZ'“L% 2l
050 : 2I22I4¢2'6 TR Y O 24 26 28 30 32 "4
M(D~7t) (GeV) MDD ) (GeV)
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Amplitude analysis of B® - D°Dfz~ and B* - D™Dzt decays

* Have a look at the fit quality

« Quite a bit of strong colour in the area flagged previously
B’ - D°Dfn~ BT - D Drn*

Iouu k I LI I I ) Il LI} I ululal clulwl qu%

Pull

- (a)

) (GeV?)
o

+
N

I(D

LHCD | LHCb:

5 9 fb-! - 9 b1
5 6 7 8 9_ 10 5 6 7 8 9 10
M2(D°x) (GeV?) M*(D~n*) (GeV?)
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Study of the Bt - D**DFK* decays

» Study resonant structures in B* — D"*D"K* B* - D""D*K* decays

This work Known states [6] cc prediction [34]

1.(3945) JPC =0+ X (3940) [9,10] JPe =7 n.(35)  JPC =0+

mo = 3945 TR Ty =130 T2 T | mg = 3942 £ 9 Iy =37%% mo = 4064 Ty = 80
h(4000) JPC = 11- T.-(4020)° [35] JPC =77 h.(2P) JP¢ =11

mo = 4000 117120 Ty =184 T 197 1y = 40255 729 £ 3.1 Ty = 23.0 £ 6.0 = 1.0|mo = 3956 Ty = 87
X1(4010) JPC = 1++ Ye1(2P) JPC =11+

mo = 4012.5 35 131 Ty = 62.7 759 T8¢ mo = 3953 Ty = 165
he(4300) JPC =1+ h(3P) JFPC =1*

mo = 4307.3 755 138 [y = 58 TR +28 mo = 4318 Ty =175
Xc(4274) [36] JPC =17+ Xa(3P) JFC =17t

mo = 4294 + 415 Do =53+5+5 |mg=4317 Ty =39

N.(3945), h.(4000), x.1(4010) and h.(4300)
100 O.1c 160 6.40

O—+ 17~ 17t 17~
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Looking forwards - my two cents

* We need to understand the structure of exotic particles
« With four and five quark states, how are the quarks arranged?

. Dlscovermg them pseudo randomly is a good start

|
) FOCW The T?_.(4X00) family could be another starting point

! wsl

T..,(2900)° O T(290007 s
csiid

* Make sure we focus equally on final states they do not decay to

29/07/2024



Radiative decays of the y.(3872) state

* Try to learn more about this famous state by studying these decay modes
« Aim to measure the ratio of branching fractions

© T(1,4(3872) = w(2S)y)

T T(xa(3872) = Jlyy)
« Predictions vary strongly depending on the nature of the y,.;(3872) state

« Experimental history
 BaBar measured &%, =34=x14
* LHCb measured 2, =2.46+0.64 =0.29
 Belle and BESIII found no significant signal for y.,(3872) — w(2S)y

29/07/2024 arXiv:2406.17006 [hep-ex]



Radiative decays of the y.(3872) state

* In the latest LHCb measurement we determine
_ T(B* = [£4(3872) = w(2S)yIK*)

T T(B* = [£4(3872) — JlyylK*)

/_\24><1|03 — T S—— R 12x10? S L B S S S B s s

b F 4 Data LHCb] & [ 4 Data LHCDb 1

= L [ B+ + a1 =0 ] Bt + -1

% 2 BT — x1(3872)K 9ftb— 4 = 1 BT — x1(3872)K 9fb™" -

= [ [ B JaX 1 = [ BoJwx ]

W 16F —— X1 (3872)KH 1 2 08 —— xa(3872)K* -

> - _——  Combinatorial . > - —— Combinatorial .

E 12 Total 1 < 0.6 Total 4+ ~

< f 1 = [ ++

E ; ’Q“ L d ¢‘ — 'U I~ +

< 0.8 . “‘0“‘““‘0,¢ . . -4 = 04 _

g * *oq . *4 * C: :

o See B

O S 0.2F -

(3)7 - I38I - I39I — :l* .t:_l

| S My (GeV/e']
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Radiative decays of the y.(3872) state

* In the latest LHCb measurement we determine
_ T(B* = [£4(3872) = w(2S)yIK*)

T T(B* = [£4(3872) — JlyylK*)

1201 20—
- ¢4 Data LHCb - - 4 Data LHCb -
100 [ B+ — x.1(3872)K+ 9fb~! 100 [ B+ — x1(3872)K+ 9fb~!
- ] B—y((29)KTX ) - L] B—y(29)KTX )
80" __  Combinatorial ] 80~ __  Combinatorial ]

Total

Total H

Candidates/(10 MeV/c?)
Candidates/(10 MeV/c?)
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Radiative decays of the y.(3872) state

« Summary of yield from the mass fits

_taki :
Parameter Data-taking period

Run1 Run 2
B (25)yK* 530 6.70 Stat only
NB+—5 (xe1 (3872) 1 (28)y) K+ 40 £ 8 63 £+ 10
Np sy (28)K+x 567 £+ 24 885 £ 29
Neomb 55 £ 17 132 + 19
JAbyK*
NB+— (xe1 (3872)— by K+ 3 0.43 & 0.03 1.69 4= 0.05
3

[10°]
NeL,apx [10%]  3.61+0.11 18.72+0.26
N,_, ss72)K+ [103]  1.18+0.06  5.53+0.23
Neomb [103]  4.05+0.11  17.46 & 0.21

29/07/2024 arXiv:2406.17006 [hep-ex]




Radiative decays of the y.(3872) state

« Summary of results by year

Runl1
ggtlw

2.00 + 0.52+8:%g + 0.006

Hp? = 1.49+0.237715 £0.03

* Averaged (BLUE method) to give

Ry = 1.67+0.21 4 0.12 -

* Inconsistent with an upper limit from BESIII
* Inconsistent with many predictions using DD* molecular models

29/07/2024
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LHCb Upgrade Il

« Complete new detector required
« Vertexing: Pixel detector with

LEHC b Upgrade |l

VHCH Tooss

timing FTDR
« Hadron PID: RICH with timing

and better resolution, TORCH Lo SV Tmpe g ws

for low momentum tracks Mot s g TORCE, -

&QI 11111 N

e Tracking: New magnet stations
and pixel mighty tracker

 (Calorimeter: Better resolution
and timing information

« Muon system: New technologies
for high occupancy regions

Phase-II Upgrade
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